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ABSTRACT
THE CONTRIBUTION OF MISSOURI RIVER RESERVOIR EMBAYMENTS TO
MAINSTEM FISH POPULATIONS: THE EFFECTS OF LOSING CONNECTIVITY
BETWEEN HIPPLE LAKE AND LAKE SHARPE.
WILLIAM JOSEPH RADIGAN
2016
Catastrophic flooding of the Missouri River in 2011 has had lasting effects on
floodplain habitats (i.e. floodplain lakes) and side-channel habitats (e.g. canals, sidechannel embayments, stilling basins, and tributaries) in Lake Sharpe, SD. Floodplain and
side-channel habitats are rare habitat in Lake Sharpe, a mainstem Missouri River
reservoir, and are thought to be crucial habitat for prey and sport fish. Hipple Lake, the
only warm-water floodplain embayment in Lake Sharpe, is in danger of losing
connectivity to the reservoir because of sedimentation resulting from the 2011 flood. To
evaluate Hipple Lake’s natal and adult contribution to Lake Sharpe’s fishery, otolith
microchemistry was used to quantify fish movement and natal origins. This data will be
used to inform management decisions regarding restoring Hipple Lake’s connectivity to
the main channel.
Water trace element chemistry (e.g., Sr:Ca, Ba:Ca) among a cold-water sidechannel embayment, warm-water floodplain embayment, canal complex, tributary, and
the main channel of Lake Sharpe were spatially variable. Significant positive linear
relationships existed between otolith trace element concentrations and water trace
element concentrations for many species, but not for all species. Natal Sr:Ca and Ba:Ca
ratios of adults varied spatially, which allowed for identification of natal origins of fish

xvi

hatched in a warm-water floodplain embayment, a cold-water side-channel embayment, a
tributary, a stilling basin, a canal complex, or the main channel. K-nearest neighbor
discriminant analysis reclassified age-0 fish with sufficient accuracy for habitat-type
scale classification (>75% accuracy). Canals were important only for Gizzard Shad
(Dorosoma cepedianum), whereas a tributary was important only for White Bass
(Morone chrysops). A warm-water floodplain embayment, Hipple Lake, was important
for natal recruitment of Bluegill (Lepomis macrochirus), Crappies (Pomoxis spp.),
Largemouth Bass (Micropterus dolomieu), and Gizzard Shad. A cold-water side-channel
embayment, La Framboise, was important for White Bass, Sauger (Sander canadensis),
and Walleye (Sander vitreus) natal recruitment and adult use, as well as adult use for
Bluegill, Yellow Perch (Perca flavescens), and Largemouth Bass. A stilling basin was
important for Yellow Perch and Gizzard Shad. The main channel was equal or more
important than side-channel and floodplain habitats for Bluegill, Crappie, Yellow Perch,
Smallmouth Bass, Largemouth Bass and Sauger natal recruitment, and more important
than side-channel and floodplain habitats for Crappie, Yellow Perch and Smallmouth
Bass adult movement. Gizzard Shad collected at all sites moved frequently throughout
the entire reservoir. At least 6% of adult Gizzard Shad in Lake Sharpe (~25,000 ha)
originated in Hipple Lake (178 ha), and at least 17% of adult Gizzard Shad in Hipple
Lake originated in Hipple Lake. Considering that Hipple Lake makes up only 0.77% of
Lake Sharpe’s surface area, 6-17% of Lake Sharpe’s natal recruitment occurring in the
floodplain lake is substantial. Nearly two-thirds (65.57%) of all Gizzard Shad recruitment
in Lake Sharpe occurred in side-channel and floodplain habitats. This research shows the
disproportional importance of warm-water floodplain embayments, canals, stilling basins
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and tributaries to Gizzard Shad recruitment in large reservoirs. Sport fish were found to
utilize different habitats, with the floodplain and side-channel contribution to natal
recruitment and adult movement varying from negligible to significant, dependent on
species. Natal recruitment and movement patterns varied to a small extent on an annual
scale for some species, and movements have changed to a small extent for some species
since the 2011 flood.
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CHAPTER 1: INTRODUCTION
Large rivers and their associated floodplains are biologically and physically
entwined, with the main channel dependent on its floodplain for a variety of benefits
(e.g., nutrients, water runoff) and the floodplain dependent on the main channel for
persistence. Rivers are connected to the ecosystem around them in four dimensions;
longitudinally, laterally, vertically, and temporally (Ward 1989). Typically, rivers are
confined within their banks as they meander across the landscape, exhibiting mainly
longitudinal connectivity with the upstream and downstream reaches of the river, and
vertical connectivity with the groundwater. When years of high precipitation and/or
snowmelt occur, the river exceeds its banks, inundating its floodplain. In unaltered
systems, these flood events and their magnitudes are relatively predictable. Such
inundation results in lateral connectivity playing a major role, due to the creation of
floodplain habitats (e.g., backwaters, embayments) (Junk et al. 1989; Ward et al. 1999). If
future floods can occur, the connectivity between the main channel and floodplain
habitats is maintained, exhibiting temporal connectivity (Junk et al. 1989). Once river
systems are impounded, floodplain habitats may no longer contribute to main channel
production due to loss of connectivity, and side-channel habitats function as new centers
of production compared to the main channel (Junk et al. 1989).

Side-Channel and Floodplain Habitats
Floodplain habitats are among the most productive and speciose landscapes on the
planet (Tockner and Stanford 2002). Floodplain habitats offer many benefits to aquatic
organisms; increased habitat complexity, refuge habitat from floods, overwintering
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habitat, and increased nutrient and food availability (Brown et al. 2001, Schneider and
Winemiller 2008, Sparks 1995, Tockner and Stanford 2002). Habitats are created as trees
and vegetation are inundated, providing structure for prey fish to hide in, and
concealment for ambush predators. Shallow embayments and backwaters that remain
after floodwaters have receded become macrophyte-rich due to increased solar exposure,
resulting in increased invertebrate abundances for fish to prey on, while providing
concealment from predators for prey fish (Mittelbach 1986). Backwaters provide thermal
refuge for fish during the winter, and refuge from swift currents during floods (Brown et
al. 2001). These shallow embayments/backwaters feature warmer water temperatures
than the main channel, due to solar warming and decreased current speeds. Water
temperatures, zooplankton densities and productivity are higher in embayments,
increasing growth of juvenile fish (Hall et al. 2003).

River-Floodplain Connectivity
Ecological integrity of a system depends on its connectivity with floodplain
habitats (Ward and Weins 2001). Long after floods have passed, the main channel
remains connected to side-channel and floodplain habitats through channels, and
tributaries are sometimes formed. Macrophyte, invertebrate, and vertebrate communities
are continuously regulated in the floodplain by floods as long as the natural flow regime
is intact (Bornette and Amoros 1996, Gehrke et al. 1995, Kingsford 2000). Fish move
between the main channel and various side-channel and floodplain habitats, exploiting
the resources that each habitat has to offer (Junk et al. 1989). For different species and
different life stages, the relative importance of the main channel and side-
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channel/floodplain habitats to obtain necessities for survival ranges from complete
dependence on the main channel to complete dependence on side-channel/floodplain
habitats (Galat and Zweiműller 2001). Over time, migration patterns form in some fish
species to maximize efficiency at exploiting the resources needed throughout each
different life stage (Dingle and Drake 2007). Migration patterns dependent on
longitudinal connectivity are severed by construction of dams for anthropogenic benefits.

Impact of Dams on Side-Channel and Floodplain Habitats
Demand for water has increased with human population, and this trend will
continue into the future (Vȍrȍsmarty et al. 2000). Dams are constructed to store water for
human consumption, agriculture, transportation, hydroelectricity, and as a means for
flood control. Since 1900, 916 major dams have been constructed in North America alone
(Chen et al. 2016). Dams have resulted in a decline in longitudinal connectivity of rivers,
and have been found to reduce sediment load in rivers (Hall et al. 2011, Walling and
Fang 2003). This reduction in sediment results in increased erosion (Willis and Griggs
2003). Sedimentation can turn clear vegetated backwaters and lakes to “turbid, barren
basins” (Sparks et al. 1990). Average annual peak discharge is reduced and channel bed
degradation is increased downstream of dams (Williams and Wolman 1984). Increased
bedload capacity caused by dams results in loss of connectivity with floodplain habitats
(Jungwirth et al. 2002). Natural flow regimes (e.g. seasonal and major floods) cease as
hydrographs are stabilized by flow regulation, and connectivity with side-channel and
floodplain habitats and creation of such habitats ends due to sedimentation (Ward and
Stanford 1995).
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In terms of biota, damming has resulted in channelization of the Missouri River,
and consequently the loss of shallow in-channel spawning/nursery habitats (Latka et al.
1993). With in-channel spawning habitat loss, side-channel and floodplain habitats are
more crucial for persistence of main channel fisheries. Furthermore, migratory fish
species are threatened by the loss of longitudinal connectivity resulting from dams (Park
et al. 2003). Of the 156 native fish species in the Missouri River basin, 33 are now rare,
threatened, or endangered (Hesse et al. 1989).

Sedimentation Resulting From the 2011 Missouri River Flood
In 2011, the largest flood on record since formation of the reservoirs occurred in
the Missouri River. From May to August of 2011, flooding resulted from saturated soils,
record snow melt in North Dakota and Montana, and record rains in Montana, Wyoming,
North Dakota and South Dakota. Due to inflow 26% higher than the previous record of
snowmelt and rainfall into the reservoir system, record releases from all the Missouri
River reservoirs occurred (National Weather Service 2012). Peak flows crested 4,250
m3/s, and flood level flows lasted from late May to late August/mid-September.
Numerous levees were either breached or entirely submerged along the river (National
Weather Service 2012). The geomorphology of the Missouri River was altered by the
catastrophic flooding (Schenk et al. 2013).
In Lake Sharpe, the river bottom was scoured, and large amounts of sediment
were deposited into channels connecting side-channel and floodplain habitats to the main
channel. The river channel itself was deepened, and the sandbars and islands heightened
(Shenk et al. 2013). Large sandbars were formed in embayments, and boat ramps and
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channels had to be dredged of sediment. The Bad River had approximately 93 m3 of
sediment deposited at boat ramp near its confluence with Lake Sharpe (Rookhoysen
2013). La Framboise, a cold-water embayment near Pierre, SD had approximately 235 m3
of sediment deposited on the boat ramp at its upstream end (Rookhoysen 2014).

Project Overview
The 2011 flood resulted in increased siltation into side-channel and floodplain
habitats on Lake Sharpe. As a result of increased siltation, connectivity has been greatly
reduced between an embayment (i.e., Hipple Lake) and the main channel of Lake Sharpe.
Since Hipple Lake is the only warm-water floodplain embayment on Lake Sharpe, the
impact of the potential loss of this habitat type on sport and prey fish populations in Lake
Sharpe needed to be quantified. Otolith microchemistry has been found to be able to
unlock questions regarding natal origins (Phelps et al. 2012; Barnett-Johnson et al. 2008).
Furthermore, otolith microchemistry has been a successful tool to evaluate Walleye
(Sander vitreus) movement in the Missouri River (Carlson et al. 2016). By relating
otolith trace element concentrations to water trace element concentrations, fingerprints of
how age-0 fish at different sample sites assimilate trace elements into their otoliths can be
constructed. These fingerprints, in turn, can be used to track movement of adult fish
between sites based on the elemental concentrations at each annuli on their otoliths. By
examining the core elemental concentrations on the otolith, natal origins can also be
revealed.
Otolith microchemistry allowed for quantification of the natal contribution of
Hipple Lake to Lake Sharpe’s fishery, as well as adult movement between Hipple Lake
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and Lake Sharpe. Important natal recruitment sites and adult movement of Gizzard Shad
(Dorosoma cepedianum) an important prey fish for Lake Sharpe’s sport fisheries was
evaluated. Furthermore, we evaluated Bluegill (Lepomis macrochirus), Crappie (Pomoxis
spp.), Sauger (Sander canadensis), Walleye, Largemouth Bass (Micropterus salmoides),
Yellow Perch (Perca flavescens), White Bass (Morone chrysops), and Smallmouth Bass
(Micropterus dolomeiu) natal recruitment and movement.
Natal origins of fish are important because they highlight areas of importance for
management of species recruitment. Once important recruitment areas are identified,
management to increase or protect these recruitment areas or to disrupt recruitment of
undesired species (i.e. non-natives that prey on natives) can occur. In Colorado,
management of non-native Northern Pike (Esox lucius) recruitment has been informed
through the identification of natal origins evaluated using otolith microchemistry
(Fitzpatrick 2008), while in South Dakota, management of a desirable sport fish,
Walleye, has been informed using the same method (Carlson et al. 2016).
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CHAPTER 2: USE OF OTOLITH MICROCHEMISTRY TO EVALUATE
ENVIRONMENTAL HISTORY OF GIZZARD SHAD IN A MISSOURI RIVER
RESERVOIR
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Abstract
Floodplain rivers are among the most productive ecosystems in the world.
Seasonal influxes of warm, nutrient-rich water inundate fluvial habitats and drive
productivity of fish and other aquatic organisms in the riverine zone of large reservoirs.
Prey fish recruitment in the riverine zone is important to predatory fish in the lacustrine
zone. Gizzard Shad (Dorosoma cepedianum) are nearshore spawners and are an
important prey species throughout their range, but assessments of natal origins and
movements are scarce. We examined environmental history of Gizzard Shad in Lake
Sharpe, South Dakota, USA, using otolith microchemistry. Duplicate water samples and
age-0 fish were sampled from two embayments, one tributary, one canal, and six
mainstem sites. Otolith Ba:Ca and Sr:Ca signatures varied proportionally with water
chemistry, permitting discrimination of natal origins and annual movement on a habitattype scale. Age-0 Gizzard Shad were reclassified to a known natal habitat (i.e., mainstem
Lake Sharpe or Hipple Lake, a socioeconomically important embayment) with 92%
accuracy. Natal contributions were highest in floodplain (i.e., tributary, canal,
embayment, stilling basin) habitats. The importance of side-channel and floodplain
habitats to main channel prey fish populations was highlighted in this study, with 64% of
adult Gizzard Shad hatched in such habitats, and 63% of adult annuli signatures
representing side-channel and floodplain habitats. In turn, this information is important
for management of Walleye (Sander vitreus) and other predatory fishes in Missouri River
reservoirs that depend on prey fish production in side-channel and floodplain habitats,
because such habitats can be prioritized for protection and restoration based on their
importance to Gizzard Shad natal recruitment.
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Introduction
Floodplain rivers are complex, biologically productive ecosystems that support
diverse biota and habitats. The flood pulse concept (Junk et al. 1989) theorizes that the
majority of aquatic biomass in unaltered floodplain rivers is derived directly or indirectly
from production within the floodplain rather than downstream transport of organic
matter. Thus, lateral river-floodplain connectivity and nutrient exchange have a greater
influence on biota and biological activity than longitudinal connectivity of upstream and
downstream reaches. Seasonal floods provide this critical connectivity, pulsing warm,
nutrient-enriched waters laterally into backwaters and onto floodplains (Stanford et al.
1996) and effectively controlling the dynamics of biotic communities (Kingsford 2000)
and the integrity of ecosystem processes (Ward and Stanford 1995). Floodplain
environments serve as refuge, nursery, and rearing areas for predator and prey fishes
throughout their life history and support riverine fisheries throughout the world (Ahmed
1992, Burgess et al. 2013).
Hydrologic connectivity between floodplain environments and main channels is
crucial for maintaining biological productivity. However, flow regulation is the most
pervasive anthropogenic alteration to rivers and threatens river-floodplain connectivity
throughout the world (Standford et al. 1996). On a global scale, 172 of the 292 large river
systems are fragmented by dams (Nilsson et al. 2005), which increased sevenfold
worldwide between 1950 and 1986 (Dynesius and Nilsson 1994). In the northern third of
the world, all of the 139 large river systems (i.e., virgin mean annual discharge greater
than 350 m3 s-1) are regulated by humans for water supply, irrigation, hydroelectric
power, navigation, and flood control (Dynesius and Nilsson 1994, Kingsford 2000).
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River regulation can have deleterious ecological consequences. For example, fluvial
habitat-forming processes may decline as sedimentation severs connectivity among
channel, groundwater, floodplain, and upland components of river ecosystems,
effectively reducing habitat diversity and passage of fish and other aquatic organisms into
floodplain environments (Berrebi-dit-Thomas et al. 2001, Miranda and Lucas 2004).
Continued research in regulated rivers is necessary to understand ecological
consequences of river-floodplain fragmentation and develop effective management
strategies.
The productivity of main channel fisheries is nearly completely dependent on
productivity of floodplain habitats (Bayley 1988). Loss of inputs of floodplain production
to the main channel (i.e. by flow regulation) results in subsequent loss in production in
the lacustrine zone (Thoms 2003). In South Dakota, much of the recreational fishing
revenue is provided by the main channel reservoirs of the Missouri River (South Dakota
Game, Fish and Parks 2014). Therefore, much of South Dakota’s fishing revenue is
dependent on production from the Missouri River’s side-channel and floodplain habitats.
Loss of side-channel and floodplain habitats could result in loss of revenue, and the state
and local economies could suffer as a result. In South Dakota, one of the most popular
sport fish species is the Walleye, and in many years, Gizzard Shad are the most important
prey for Walleye (Fincel et al. 2014, VanDeHey et al. 2011).
Gizzard Shad are highly fecund, warm-water fishes that often reach high
biomasses and dominate fish assemblages in floodplain rivers and reservoirs throughout
the United States (Johnson et al. 1988, Noble 1981, DeVries and Stein 1990). Their range
extends from Florida to New Mexico in the south, Arizona and Colorado in the west,

16

Michigan and Ontario in the north, and New York in the east (Heidinger 1983; Pflieger
1997). Gizzard Shad typically spawn in shallow, nearshore environments (e.g.,
embayments, tributaries, wetlands; Miller 1960, Leslie and Timmins 1992) and therefore
benefit from river-floodplain connectivity (Zeug et al. 2009). As adults they are
detritivorous (or arguably omnivorous, feeding on zooplankton and detritus), and cycle
nutrients from benthic to pelagic environments (Drenner et al. 1986, Schaus et al. 1997,
Vanni et al. 2006), and have been classified as ecosystem engineers that integrate
environmental conditions with productivity across food webs (Bremigan et al. 2008). As
such, extensive research has been devoted to understanding Gizzard Shad population
dynamics (Swingle 1950; Smith 1959; Noble 1981) and community interactions (Garvey
and Stein 1998; Aday et al. 2003; Wuellner et al. 2008; Michaletz et al. 2012) in relation
to management.
Research assessing population dynamics of Gizzard Shad and their predators has
been particularly extensive in reservoirs of the central United States (Eichner and Ellison
1983, Michaletz 1997, 1998a,b). Gizzard Shad are at the northwestern edge of their range
in South Dakota, where research has focused on population and predator-prey dynamics
in Missouri River impoundments (Wuellner et al. 2008, Wuellner et al. 2010, Fincel et al.
2013) and reservoirs in western and northeastern South Dakota (VanDeHey et al. 2011,
Ward et al. 2006, 2007). Researchers have documented the importance of Gizzard Shad
as a prey species for Walleye (Fincel et al. 2014, Jester and Jensen 1972, Stroud 1949),
White Crappie (Pomoxis annularis) (Jahn 1983, Mosher 1983), Smallmouth Bass
(Micropterus dolomieu), Largemouth Bass (Micropterus salmoides) (Storck 1986,
Michaletz 1998a,b), and White Bass (Morone chrysops) (Ahrens et al. 2010, Jester and
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Jensen 1972, Michaletz 1997, Wuellner et al. 2008, 2010). However, knowledge of
Gizzard Shad environmental history, particularly natal origins and movement, is limited.
Adults are known to spawn in floodplain habitats, but quantitative estimates of relative
natal contribution are lacking and would greatly benefit management of Gizzard Shad
and predator species.
Otolith microchemistry is an innovative technique for investigating fish
environmental history (Campana 1999; Campana et al. 2000). It relies on the association
between water and otolith trace element concentrations for retrospective identification of
natal origins and movement. Trace elements in the water column are deposited
permanently in the otolith in proportion to water concentrations (Campana 1999).
Coupled with biochronological properties of otoliths, elemental accumulation enables
assessment of fish environmental history if water signatures are variable across space but
consistent across time. Fundamental requirements of otolith microchemistry include
water chemical signatures that are spatially heterogeneous, temporally stable, and
proportional to otolith concentrations. This technique has primarily been used to study
environmental history of salmonids and percids in North America (Pracheil et al. 2014).
Studies on clupeids are scarce, with existing studies pertaining to Alabama Shad (Alosa
alabamae) (Schaffler et al. 2015), American Shad (Alosa sapidissima) (Thorrold et al.
1998, Walther et al. 2008), and Allis Shad (Alosa alosa) (Tomás and Rochard 2005), but
none on Gizzard Shad. Otolith microchemistry is an auspicious tool for estimating sitespecific natal contributions and prioritizing areas for habitat protection and restoration,
harvest regulations, and other management actions.
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After a catastrophic flood in 2011, connectivity between a warm-water floodplain
embayment (Hipple Lake) and Lake Sharpe was reduced significantly. Because Hipple
Lake is the only warm-water floodplain embayment on Lake Sharpe, loss of connectivity
with the mainstem reservoir could result in reduced Gizzard Shad recruitment, which
could impair Lake Sharpe’s multimillion dollar sport fishery. Dredging may be needed to
reestablish connectivity between the embayment and the mainstem reservoir. The goal of
this project was to assess the utility of otolith microchemistry as a tool to investigate
environmental history and inform management of Gizzard Shad in Missouri River
reservoirs. Our objectives were to 1) evaluate natal origins of Gizzard Shad; 2) estimate
the relative natal contribution of embayment, tributary, canal, and mainstem habitats; and
3) examine Gizzard Shad movement patterns.

Study Site
Lake Sharpe is the fourth-most upstream reservoir of the Missouri River located
in South Dakota, USA (Figure 2-1). Spanning 25,000 ha from Oahe Dam to Big Bend
Dam, Lake Sharpe has a mean depth of 9.5m and a maximum depth of 23.7m (Fincel
2011). The northern end of Lake Sharpe contains a stilling basin, two principal
embayments (Hipple Lake and La Framboise), one major tributary (i. e., Bad River) and a
canal (i.e., Marion’s Garden Complex; Figure 2-1). The stilling basin has limited
connectivity to the main channel of the reservoir, and features submerged macrophytes
and trees along much of its shorelines. The canal site has limited connectivity to the main
channel, features increased productivity due to warmer water temperatures (due to
decreased currents) and nutrient inputs from yard fertilizer runoff, is full of submerged
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macrophytes, and is much shallower than the main channel (R. Hanten, South Dakota
Game, Fish and Parks, personal communication). The southern end of the reservoir is
characterized by mainstem environments, lacking tributaries or major embayments.
Gizzard Shad are the primary prey species in Lake Sharpe (Johnson et al. 2002),
supporting populations of predators such as Walleye, White bass, Smallmouth bass,
Channel Catfish (Ictalurus punctatus), and Sauger (Sander canadensis).

Methods
Trace Element Sampling
Duplicate water samples from 11 locations in Lake Sharpe, South Dakota, were
collected on September 17, 2014 at main channel (n = 5), embayment (n = 3), stilling
basin (n = 1), canal (n = 1), and free-flowing tributary (n = 1) sites to assess spatial and
temporal patterns in trace element concentrations (Figure 2-1). All samples were gathered
using sterile methods and a syringe filtration method described in Shiller (2003). These
methods have been employed in previous otolith microchemistry studies (Carlson et al.
2016a, Zeigler and Whitledge 2010, 2011; Phelps et al. 2012). Samples were stored in
sealed coolers to prevent evaporation and associated chemical changes. Trace element
(i.e.., strontium [Sr], barium [Ba], magnesium [Mg], manganese [Mn], and sodium [Na])
and calcium concentrations were measured using high-resolution inductively coupled
plasma mass spectrometry (HR-ICPMS) at the University of Southern Mississippi. All
concentrations were converted to micromolar ratios against calcium (μmol∙mol-1) as this
element is a pseudointernal standard (Bickford and Hannigan 2005; Ludsin et al. 2006;
Whitledge et al. 2007).
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Surficial and bedrock geology are temporally stable in Missouri River
impoundments and presumably cause temporally consistent water signatures (Bickford
and Hannigan 2005). To verify this, historical (1977-1990) Sr:Ca and Ba:Ca ratios from
the main channel of Lake Sharpe were compared to current signatures at this location.
Historical water samples were collected in spring (i.e. March-May) and summer (i.e.
July-September) and were obtained from the United States Geological Survey National
Stream Water-Quality Monitoring Network for Region 10, which includes the South
Dakota portion of the Missouri River (Alexander et al. 1996). Trace element
concentrations were quantified using an ICPMS protocol analogous to the one employed
herein. Water samples were filtered and fixed in dilute acid solution, and flame-atomic
absorption or solution-mode inductively coupled plasma mass spectrometry was used to
measure elemental concentrations, depending on the element and date of sampling
(Alexander et al. 1996).

Fish Sampling
Age-0 individuals were collected in Summer and Fall 2014 from two embayments
(Hipple Lake and La Framboise), one canal (Marion’s Garden Complex), one tributary
(Bad River), one stilling basin, and four mainstem sites and in Fall 2015 from Marion’s
Garden Complex using shoreline seining and boat electroshocking. Adult Gizzard Shad
were sampled using boat electroshocking in Hipple and La Framboise, one stilling basin,
and one mainstem site on the upstream end of Lake Sharpe in Spring 2013 (Table 2-1,
Figure 2-1). In 2014, additional adult fish were sampled from one mainstem site and
Hipple Lake. Additional adult sampling occurred in 2015 at Hipple Lake, as well as
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Marion’s Garden Complex, one stilling basin, three mainstem sites, and the Bad River.
Adult sampling throughout the reservoir ensured environmental history assessment could
be applied to the entire population.

Otolith Microchemistry
To prevent otolith contamination, Gizzard Shad were euthanized immediately
after collection and placed on ice to preclude stress-induced fluctuations in otolith trace
element signatures (Proctor and Thresher 1998). Both sagittal otoliths from each
individual were removed in a laboratory using plastic, triple acid-washed forceps
(Campana et al. 2000; Brazner et al. 2004). Prior to microchemical analysis, otoliths were
aged by two independent readers and triple-rinsed in distilled, ultrapure water and airdried for a minimum of 24 hrs; and stored in acid-washed 2-mL polypropylene
microcentrifuge tubes (Zeigler and Whitledge 2010). After initial cleaning, adult otoliths
were sectioned in the transverse plane using a low-speed Isomet diamond saw (Buehler,
Lake Bluff, Illinois). The saw blade was cleaned after each section with aluminum oxide
lapping film (3 µm grit) to prevent otolith contamination. Age-0 otoliths were not
sectioned due to small size and fragility. Finally, otoliths were sanded and polished with
3M wet or dry sandpaper (400 grit) and aluminum oxide lapping film, mounted on
petrographic slides (Donohoe and Zimmerman 2010), and sonicated in ultrapure water.
An Agilent Technologies 7500a quadrupole inductively coupled plasma mass
spectrometer coupled to a New Wave Research UP-213-nm laser with He as the carrier
gas was used for laser ablation analysis at the University of California–Davis
Interdisciplinary Center for ICPMS. A suite of trace elements (i.e., 88Sr, 86Sr, 138Ba, 137Ba,
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Mg, 55Mn, and 23Na) were measured, but only 137Ba, 138Ba, 86Sr, and 88Sr (expressed as

Ba:Ca and Sr:Ca) were used to assess Gizzard Shad environmental history as they had the
highest resolution. Laser settings were 70 % energy, 10 Hz, 40 um spot size, 25 sec dwell
time, 50 sec acquisition, and 25 sec background. The calibration standard was USGS
synthetic glass standard GSE-1G, and two additional reference standards (GSD-G1 and
MACS-3) were used as quality controls for verification of instrument accuracy and
precision. Standards were ablated in three to five locations after every ten to fifteen
samples to adjust for possible instrument drift. Mean limits of detection for 137Ba and 88Sr
were 0.03 and 0.62 ppm, respectively; concentrations of these elements in all otoliths
were well above detection limits. Data were reduced using Glitter 4.4 (GEMOC CSIRO,
Macquarie Research Ltd., Macquarie University, Sydney, Australia) and ICP-MS
MassHunter (Agilent Technologies, Santa Clara, CA). Otolith signatures were
background subtracted, 43Ca was used as an internal standard (Bickford and Hannigan
2005; Ludsin et al. 2006; Whitledge et al. 2007), and final trace element concentrations
were obtained by matching 43Ca counts to the sample CaO concentrations obtained
independently by electron microprobe. All signatures are reported as element:Ca ratios
(μmol∙mol-1).
Age-0 and adult otoliths were spot-ablated along a transect encompassing the core
and each annulus. For each spot, a 15-s laser warm-up time was followed by a 20-s dwell
time during which the sample was ablated. The integration time for all elements (0.01 s
for 43Ca, 0.05 s for 88Sr and 137Ba) was repeated throughout the 20-s dwell time.
Following ablation, there was a 95-sec washout time.
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Statistical Analysis
Analysis of variance (ANOVA) with Tukey’s Honestly Significant Difference
(HSD) test for multiple comparisons was used to assess spatial and temporal patterns in
Lake Sharpe Ba:Ca and Sr:Ca signatures. All water data were log10-transformed if they
did not meet assumptions for normality and homoscedasticity. Spatial patterns in
historical (1977-1986) and current (2012-2014) Sr:Ca and Ba:Ca were assessed using a
Kruskall-Wallis test (KW test; Blair and Hicks 2012, Amano et al. 2013), a
nonparametric alternative to one-way ANOVA. Seasonal and annual patterns in historical
tributary and mainstem signatures were assessed through examination of site x time (i.e.
season, year) interactions using Friedman’s two-way analysis of variance by ranks (F
ANOVA), a nonparametric alternative to two-way ANOVA. Summer signatures were
used for site x year interactions. Long-term patterns in summer Sr:Ca and Ba:Ca were
evaluated using the F ANOVA site x period (i.e., historical, current) interaction. Mean
signatures and 95% confidence intervals were also compared between periods.
Relationships between water and age-0 mean terminal otolith signatures at corresponding
collection sites were assessed using least-squares linear regression, as in previous otolith
microchemistry studies (Munro et al. 2005; Zeigler and Whitledge 2010). An ANOVA
was also used to evaluate site variability in age-0 mean terminal otolith signatures among
sites, which represented a fingerprint for adult site assignment. It was presumed that age0 Gizzard Shad (as opposed to adults) did not move from hatching locations and thus
otolith signatures would reflect site-specific Ba:Ca and Sr:Ca concentrations. K-sample
nearest neighbor discriminant analysis was used to measure the accuracy with which age0 natal otolith signatures could reclassify fish to natal sites. This nonparametric method
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permits reliable reclassification when otolith data do not meet assumptions of normality
or homoscedasticity (Bickford and Hannigan 2005). Year-specific signatures were used
to depict annual movement of adult Gizzard Shad from hatch to capture. Statistical
significance for all analyses was set at α ≤ 0.05.

Results
Natal Recruitment
Water Sr:Ca was temporally consistent between 2012 and 2014 (F1,6 =0.01, P =
0.93, Figure 2-2), but not for water Ba:Ca: F1,6 = 53.27, P <0.01, Figure 2-2) for the seven
sites where water was sampled in both years. Although water Ba:Ca was different in
2014 than in 2012, Hipple Lake had consistently higher water Ba:Ca than all other sites
in both years (Figure 2-2). In addition, water Sr:Ca was temporally consistent between
1983 and 2000 (F8,30 =1.34, P = 0.26, Figure 2-3), but not for water Ba:Ca between 1978
and 1998 (F10,34 = 4.51, P <0.01, Figure 2-3) for one mainstem site (the only one where
long-term data was available; Alexander et al. 1996). Water Sr:Ca and Ba:Ca was
spatially variable (Ba:Ca: F5,36 = 4.54, P < 0.01; Sr:Ca: F5,36 = 7.09, P < 0.01, Figure 2-4)
in 2014 in Lake Sharpe. In addition, linear regressions between water and mean terminal
otolith signatures were positive and proportional for Ba:Ca (R2 = 0.500, P = 0.03, Figure
2-5) and Sr:Ca (R2 = 0.223, P = 0.20, Figure 2-5). Mean age-0 terminal otolith signatures
were heterogeneous among sites for Ba:Ca (F8,96 = 10.59, P < 0.01) and Sr:Ca (F8,64 =
7.26, P < 0.01, Figure 2-6). Analysis of bivariate age-0 terminal otolith signatures (i.e.,
Sr:Ca and Ba:Ca) indicated that Lake Sharpe sites were distinguishable from Hipple
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Lake, and habitat types were distinguishable from one another (i.e. canal, embayment,
main channel, tributary, stilling basin).
Age-0 otolith Sr:Ca and Ba:Ca signatures for Hipple Lake and Lake Sharpe
mainstem sites were discrete based on K-sample nearest neighbor discriminant analysis
(Table 2-2). Reclassification accuracies were highest for the habitat type (89%) and the
Hipple Lake vs. Lake Sharpe comparison (92%). Thus, age-0 otolith signatures
represented fingerprints for evaluating environmental history of adults. Bivariate natal
signatures were distinct between Lake Sharpe and Hipple Lake, driven primarily by
spatial heterogeneity in Ba:Ca signatures. Hipple Lake was distinct, as it had a much
higher otolith Ba:Ca than all other sites, and otolith Sr:Ca signatures higher than all but
one of the other habitat types (Figure 2-6). In contrast, otolith Ba:Ca and otolith Sr:Ca
signatures of mainstem locations were homogeneous. Thus, adult fish natal signatures
and annuli signatures could be assigned to habitat types, but not to specific sample sites.
Gizzard Shad used side-channel and floodplain habitats extensively for both natal
recruitment (64%, Table 3) and adult movement (61-63%; Table 2-4). A sizable portion
(12%, n=10) of adult Gizzard Shad hatched in Hipple Lake (Table 2-3). Nearly twothirds (64%, n=54) of adult Gizzard Shad hatched in side-channel and floodplain habitats
(i.e., embayments (12%), tributaries (4%), canals (27%), stilling basin (21%)). In
contrast, about 21% of adults (n=18) hatched in mainstem environments, including Fort
george (7%), West bend (13%), and Joe creek (1%). Natal sites for approximately 15% of
Gizzard Shad (n=13) were not identifiable (Table 2-3). Gizzard Shad recruitment was
highest in canals (3.375 fish/100 adults/ha), followed by the stilling basin (0.512 fish/100
adults/ha), Hipple Lake (0.067 fish/100 adults/ha), and the main channel (0.001 fish/100
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adults/ha) (Table 2-3). Since we comprehensively sampled all habitat types in Lake
Sharpe, it is likely that signatures that were unassignable to a specific site are main
channel fish, because they could not be assigned to a habitat type with a distinct bivariate
signature. When previously unassigned fish are assigned to main channel sites, 36%
(n=31) of adults were hatched in the main channel. On an annual basis, the natal
contributions of each habitat type varied, but side-channel and floodplain habitats
contributed substantially (29-91%) in all years with >3 adults sampled (Table 2-5).

Movement
Variability in otolith Ba:Ca and Sr:Ca signatures also enabled retrospective
assessment of broad movement patterns over an annual time scale. Gizzard shad moved
into side-channel and floodplain habitats frequently (63% of annuli), evidently using the
main channel primarily as a means to move between such habitats. Evidence for the main
channel acting primarily as a movement corridor between side-channel and floodplain
habitats is provided by daily telemetry tracking, which found Gizzard Shad staying in
side-channel and floodplain habitats for many consecutive days or weeks, while typically
moving daily through main channel locations (H. Meyer, South Dakota Game, Fish and
Parks, unpublished data). Adult Gizzard Shad collected in Lake Sharpe and Hipple Lake
(Table 2-4) had similar natal recruitment and movement patterns. Adults from these
locations typically occupied canal, main channel, and stilling basin sites (67-73% of
annuli) with a smaller portion of time spent in embayment sites (6% of annuli) and
tributary sites (6-9% of annuli) (Table 2-4). When unassignable annuli signatures are
assigned to main channel sites (as previously justified), main channel occupancy
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increases to 37-38%. Movement patterns elucidated with microchemistry lend support to
daily telemetry tracking of Gizzard Shad in Hipple Lake and Lake Sharpe, which has
found frequent daily movement of Gizzard Shad throughout Lake Sharpe (H. Meyer,
South Dakota Game, Fish and Parks, unpublished data). The magnitude of movement
varied among individuals, with some adults remaining site residents and others moving
nearly every year. Use of the full extent of Lake Sharpe by adult Gizzard Shad, from its
upstream to downstream reaches, was evident through both telemetry and otolith
microchemistry. Movement into floodplain habitats was similar before (62%), during
(54%), and after (66%) the 2011 flood, so diminished connectivity has likely not impeded
movement into such habitats (Table 2-6).

Discussion
The flood pulse concept (Junk et al. 1989) provides a framework for
understanding effects of river-floodplain connectivity on fish populations, a principal
objective of this study in the context of gizzard shad in a Missouri River reservoir. Riverfloodplain ecosystems are among the most productive in the world (Likens 2010), with
hydrology a key driver of biological production (Kingsford 2000; Bunn and Arthington
2002). In the present study, a majority of gizzard shad hatched in and/or exhibited
movements to and from side-channel and floodplain habitats. Thus, river-floodplain
connectivity in Lake Sharpe is important for spawning and hatching, and likely rearing
(Zeug and Winemiller 2008) and foraging (Winemiller et al. 2000) of an important prey
species, corroborating the flood pulse concept (Junk et al. 1989). Our results also support
findings of studies in a Missouri River delta ecosystem wherein fish used protected
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shallow-water habitats extensively. (Carlson et al. 2016b, Kaemingk et al. 2007, Spindler
et al. 2009).
Otolith microchemistry is an effective tool for evaluating Gizzard Shad
environmental history in Lake Sharpe. Natal origins and movement of this species have
traditionally been assessed using comparatively time- and labor-intensive telemetry and
mark-recapture techniques. Stable isotope ratios, reflecting production sources and
dietary history, have also been used to track Gizzard Shad movement on a population
scale (Zeug et al. 2009) but must be combined with telemetry or mark-recapture to assess
environmental history of individual fish. Thus, as in similar studies on other clupeid
species (Schaffler et al. 2015, Thorrold et al. 1998, Walther et al. 2008, Tomás and
Rochard 2005), otolith microchemistry is a useful environmental history tool for Gizzard
Shad. Otolith Ba:Ca, particularly when combined with Sr:Ca, functions as a natural tag
and biological tracer in the Missouri River, a pattern that would likely be replicated in
other rivers and reservoirs provided water chemistry is spatially heterogeneous and
temporally consistent.
Gizzard Shad are known to spawn in shallow, turbid environments (Miller 1960,
Jude and Pappas 1992, Leslie and Timmins 1992, Klumb et al. 2003) and move between
rivers and floodplain habitats for spawning (Zeug and Winemiller 2007), rearing (Zeug
and Winemiller 2008), and foraging (Winemiller et al. 2000). However, quantitative
estimates of habitat-specific natal contributions like those obtained in the present study
are relatively scarce. This information is valuable for fisheries managers as it permits
spatial and temporal prioritization of Gizzard Shad and predator management activities.
For example, managers can rank embayments, tributaries, and mainstem locations by
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Gizzard Shad natal contribution and design corresponding strategies for habitat
protection/restoration, prey and/or predator stocking, or harvest regulations (Zeug et al.
2009).
Gizzard Shad are a high-quality prey species because they have high reproductive
capacity, reach large population sizes, grow rapidly, are relatively free from parasites,
and use phytoplankton as a food source (Miller 1960). Thus, Gizzard Shad are widely
stocked as prey fish in the central United States (Eichner and Ellison 1983, Storck 1986,
Willis 1987, Michaletz 1998a,b). Otolith microchemistry could be a valuable tool for
managing Gizzard Shad populations, predator-prey interactions, and river-floodplain
ecosystems. In South Dakota, Gizzard Shad are an important component of Walleye
(Fincel et al. 2014, Ward et al. 2007, VanDeHey at al. 2014), Smallmouth Bass
(Wuellner et al. 2010), and White Bass (Ahrens et al. 2010) diets. In Lake Sharpe, age-0
Gizzard Shad represented dominant prey items in Walleye diets in both the upper (4785% by weight) and lower (25-88% by weight) reaches of the reservoir (Wuellner et al.
2010). Bioenergetics modeling indicated that climate-driven extirpation of Gizzard Shad
would reduce growth of Walleye and Smallmouth Bass in both reaches of Lake Sharpe.
As a result, the authors recommended that managers implement strategies to enhance the
prey base (e.g., water level manipulation; Wuellner et al. 2010). Our findings
complement previous research by demonstrating the important relationship between
Gizzard Shad reproduction and river-floodplain connectivity, which must be maintained
if water level manipulation is to enhance Gizzard Shad populations in Missouri River
reservoirs. This finding is especially relevant to Hipple Lake, where sedimentation has
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partially disconnected the embayment from the main channel and managers are
considering dredging to reestablish connectivity.
Given their importance as a prey species, Gizzard Shad recruitment has been
researched extensively. As with most fishes, Gizzard Shad recruitment is a complex
process influenced by a suite of biotic (e.g., age-0 abundance) and abiotic variables (e.g.,
winter duration, summer temperature; Ward et al. 2006). Gizzard Shad are susceptible to
winter mortality (Mayhew 1975, Willis 1987) and poor year class strength (Eichner and
Ellison 1983), particularly at the periphery of their range. However, Gizzard Shad are
capable of spawning multiple times per year in floodplain habitats, and protracted spawns
documented on Lake Oahe are likely also occurring on Lake Sharpe (Fincel et al. 2013,
Mackay and Mann 1969), where reproduction and larval abundance are strongly related
to rising water levels (Michaletz 1997). Gizzard Shad recruitment is known to be
relatively consistent in mainstem Missouri River reservoirs and comparatively erratic
elsewhere in South Dakota (VanDeHey 2011, Ward et al. 2006, Wuellner et al. 2008),
but mechanistic explanations are lacking. Our results demonstrate that river-floodplain
connectivity and resultant habitat availability are important for Gizzard Shad
reproduction, which may help explain regional trends in recruitment consistency.
Environmental history information derived from otolith microchemistry will empower
managers to design strategies that protect and restore side-channel and floodplain habitats
and effectively manage populations of Gizzard Shad and predatory fishes.
Future research on Gizzard Shad environmental history in relation to riverfloodplain connectivity would complement and expand the present study, by overcoming
the limitations of otolith microchemistry. For example, the annual time scale used herein
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was sufficient to achieve our primary objective (i.e., relative natal contributions) but
precluded assessment of fine-scale movement patterns potentially important for
management. In addition, our focus on age-0 and adult Gizzard Shad prevented
examination of juvenile (e.g. ages 1 and 2) environmental history. This life stage is likely
important for developing a comprehensive understanding of Gizzard Shad populations in
Missouri River reservoirs and warrants further otolith microchemistry research.
Moreover, although Ba:Ca and Sr:Ca were adequate to address our objectives, other
otolith signatures (e.g., Mg:Ca, δ13C, δ18O, δ2H, 87Sr/86Sr) may provide additional
information relevant for management of Gizzard Shad and predator populations.
Furthermore, due to the small size and wide-scale movement patterns of larval Gizzard
Shad, it is possible that larval fish used to create our fingerprint of otolith assimilations of
the different habitat types that were captured in the canals, stilling basin, or tributary were
actually hatched in the main channel. If this is the case, habitat-specific natal
assimilations would be representative of both the habitat type in question and the main
channel. This could be why there were large contributions to Gizzard Shad recruitment
from the canal complex, stilling basin, and tributary. With otolith microchemistry, larval
fish are assumed not to have moved from their natal habitat, but this may not be the case.
Large contributions to Gizzard Shad recruitment from the canal complex may not be due
to a limitation of otolith microchemistry however, but due to differences in recruitment
patterns.
Another explanation for the high contribution to Gizzard Shad recruitment from
the canal complex is that although abundances seen during sampling in the canal complex
are lower than those seen elsewhere on Lake Sharpe, all the fish in the canal complex
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may be successfully recruiting to adulthood. Medium-sized predators such as Walleye are
seen in low abundances in the canal complex, and warmer water temperatures, high
nutrient inputs from anthropogenic influences (yard fertilization), decreased current
speeds, shallow depths, and increased submerged macrophyte abundance compared to the
main channel are characteristic of the canal complex (R. Hanten, South Dakota Game,
Fish and Parks, Personal Comm.). All these factors may result in higher recruitment rates
of larval Gizzard Shad to adulthood in the canal complex compared to other habitat types
on Lake Sharpe.
In summary, our results can be used by decision makers to advance management
of Gizzard Shad, predatory fishes, and side-channel and floodplain habitats in Missouri
River reservoirs. Otolith microchemistry is an effective tool for evaluating Gizzard Shad
environmental history and informs Gizzard Shad management by enabling identification
of habitat-specific natal contributions and movement patterns. We recommend future
researchers couple natal recruitment and movement assessments with research on habitat
availability, bioenergetics, and other potential drivers of Gizzard Shad recruitment (Willis
1987, Ward et al. 2006). In addition, the existence of Gizzard Shad entrainment through
mainstem dams (Smith and Brown 2002) suggests the spatial scope of movement
research should be expanded. Overall, otolith microchemistry is effective for evaluating
Gizzard Shad environmental history and an auspicious tool for advancing fisheries
management in Missouri River reservoirs.
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Table 2-1. Sample sizes of age-0 and adult Gizzard Shad collected in Lake Sharpe, South
Dakota, USA, and ablated for otolith microchemistry analysis.
Site

Type

Bad river
Fort George
Hipple
Iron Nations
Joe Creek
La Framboise
Marion's Garden complex
North Shore
Stilling Basin
West Bend

Tributary
Main channel
Embayment
Main channel
Main channel
Embayment
Canal
Main channel
Stilling basin
Main channel

Total

Ablated
Age-0 Adult
11
4
15
9
9
24
-11
14
17
12
13
10
1
16
-5
5
13
1
105

85
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Table 2-2. Results of k-sample nearest neighbor discriminant analysis with leave-one-out
jackknife cross-validation using Ba:Ca and Sr:Ca ratios of age-0 Gizzard Shad. Data
include the number known to have come from individual sites, site types, and Hipple
Lake vs. Lake Sharpe (Known), the number assigned to those locations (Assigned), and
the percentage of individuals classified to known locations (Accuracy). Signatures were
measured at otolith locations synchronized with water sample collection to ensure
reliable spatial blueprinting.
Natal Origin
Habitat type
Canal
Hipple Lake
La Framboise
Main channel
Stilling Basin
Tributary

Lake Sharpe vs. Hipple Lake
Lake Sharpe
Hipple Lake

Known

Assigned

Accuracy

10
9
12
58
5
11

13
14
2
61
3
12

20
11
8
62
0
18
Mean: 89

96
9

104
1

99
0
Mean: 92
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Table 2-3. Percent (# individuals) natal contribution and natal contribution standardized
by surface area (#/100 adult fish/ ha) of embayments, mainstem locations, a tributary and
a canal to the adult Gizzard Shad population in Lake Sharpe, South Dakota, USA.
Habitat
Canal
Hipple Lake
La Framboise
Main channel
Stilling Basin
Tributary
Unknown

Natal Contribution
27 (23)
12 (10)
0 (0)
21 (18)
21 (18)
4 (3)
15 (13)
100 (85)

Standardized Natal Contribution
3.375
0.067
0
0.001
0.512
---
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Table 2-4. Number and percent of annulus ablations with signatures from each site type
for Hipple Lake and Lake Sharpe captured adult Gizzard Shad.
Habitat Type
Embayment
Main channel
Tributary
Canal
Stilling Basin
Unknown
TOTAL

Hipple Lake
Number %
15
6
64
27
22
9
61
26
47
20
24
10
233

98

Lake Sharpe
Number
%
35
6
146
25
37
6
189
33
105
18
69
12
581

100
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Table 2-5. Percent (# individuals) natal contribution of canals, Hipple Lake, the main channel, a stilling basin, a tributary, and
unknown habitat types to the adult Gizzard Shad population from 2000-2014 in Lake Sharpe, SD, USA.

2004
0
33 (2)
50 (3)
17 (1)
0

2005
17 (1)
0
50 (3)
33 (2)
0

Year Class
2006
71 (5)
14 (1)
14 (1)
0
0

100 (5) 100 (11) 100 (14) 100 (14) 100 (6)

100 (6)

100 (7)

Natal Origin 2000
Canal
40 (2)
Hipple lake
0
Main channel 40 (2)
Stilling basin 20 (1)
Tributary
0
Total

2001
64 (7)
0
9 (1)
27 (3)
0

2002
36 (5)
7 (1)
29 (4)
21 (3)
7 (1)

2003
14 (2)
7 (1)
43 (6)
29 (4)
7 (1)

2007
14 (1)
14 (1)
71 (5)
0
0

2008
0
33 (1)
67 (2)
0
0

2009
0
17 (1)
33 (2)
33 (2)
17 (1)

2010
0
100 (2)
0
0
0

2011
0
0
50 (1)
50 (1)
0

2014
0
0
100 (1)
0
0

100 (7)

100 (3)

100 (6)

100 (2)

100 (2)

100 (1)
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Table 2-6. Percent (# individuals) natal contribution of canals, Hipple Lake, the main
channel, a stilling basin, a tributary, and unknown habitat types to the adult Gizzard Shad
population before, during, and after the 2011 flood in Lake Sharpe, SD, USA.
Site
Canal
Hipple Lake
Main Channel
Stilling Basin
Tributary

Pre-Flood
23 (110)
8 (40)
38 (182)
23 (113)
8 (38)

During Flood
27 (22)
4 (3)
46 (37)
12 (10)
11 (9)

Post-Flood
47 (118)
3 (7)
34 (84)
12 (29)
5 (12)

Total

100 (483)

100 (81)

100 (250)
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Figure 2-1. Sampling sites for water chemistry (all) and age-0 (all but IRN) and adult
(underlined) Gizzard Shad on Lake Sharpe, SD collected between Spring 2013 and Fall
2015. Site abbreviations (upstream to downstream) are as follows: STB = Stilling Basin,
MAR = Marion’s Garden Complex, BAD = Bad River, LAF = La Framboise
Embayment, HIP = Hipple Lake Embayment, FTG = Fort George (mainstem), JOE = Joe
Creek (mainstem), IRN = Iron Nations (mainstem), WBD = West Bend (mainstem), NOS
= North Shore (mainstem).
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Figure 2-2. Mean water (A) Sr:Ca (mmol/mol) and (B) Ba:Ca (mmol/mol) concentrations
for Lake Sharpe sites sampled in summer 2012 (black bars) and 2014 (grey bars). Site
abbreviations (upstream to downstream) are as follows: STB = Stilling Basin, BAD =
Bad River, HPD = Hipple Lake Embayment (Docks), JOE = Joe Creek (mainstem), GRY
= De Grey (mainstem), WBD = West Bend (mainstem), NOS = North Shore (mainstem).
Error bars represent 1 SEM.
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Figure 2-3. Mean water (a) Sr:Ca and (b) Ba:Ca for the main channel of Lake Sharpe in
Pierre, SD from October 1983 to August 2000 for strontium and for October 1978 to
December 1998 for barium.
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Figure 2-4. Mean water (a) Sr:Ca and (b) Ba:Ca values at the habitat types where water
samples were collected in Fall 2014. Means with the same letter are not significantly
different (ANOVA with Tukey’s HSD test on log10 transformed values; P ≤ 0.05). Error
bars represent 1 SEM.
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Figure 2-5. Linear regression of age-0 Gizzard shad mean terminal otolith (a) Sr:Ca and
(b) Ba:Ca signatures on water ratios at collection sites in Lake Sharpe, South Dakota,
USA. The relationship is significant for Ba:Ca but not Sr:Ca. Fish sampling occurred in
summer 2014. Water sampling occurred in Fall 2012 and Fall 2014. Error bars represent
1 SEM.
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Figure 2-6. Terminal otolith (a) Sr:Ca and (b) Ba:Ca ratios of age-0 Gizzard Shad at the
habitat types where both water and age-0 Gizzard Shad were collected. Signatures
represent mean terminal or adjusted mean terminal concentrations that are temporally
matched with water sampling. Means with the same letter are not significantly different
(ANOVA with Tukey’s HSD test on log10 transformed values; P ≤ 0.05). Error bars
represent 1 SEM.
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CHAPTER 3: IMPORTANCE OF SIDE-CHANNEL AND FLOODPLAIN HABITATS
TO THE ENVIRONMENTAL HISTORY OF WALLEYE IN LAKE SHARPE, SOUTH
DAKOTA
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Abstract
Walleye (Sander vitreus) are an important sport fish throughout North America.
Walleye management is challenging because they often have large-scale movement
patterns and migrations and use numerous habitats throughout their life history. Walleye
movement has been examined on a broad scale in the Missouri River, but the contribution
of floodplain habitats, in particular, embayments, has not been examined. We used otolith
microchemistry to examine the importance of various habitats to the Walleye population
in Lake Sharpe, South Dakota, USA. We collected duplicate water samples and age-0
fish from a cold-water embayment, a warm-water embayment, one tributary (Bad River),
one canal site, and six mainstem sites. High reclassification accuracy of age-0 Walleye
(98%) allowed for discrimination of fish hatched in various habitat types in Lake Sharpe.
The importance of main channel sites and a cold-water embayment (and to a lesser
extent, a warm-water embayment and a stilling basin) to the natal recruitment of Walleye
was discovered in the present study, allowing for prioritization of such habitat types for
protection and restoration. Moreover, adult Walleye move frequently along the main
channel, and used side-channel and floodplain habitats to a lesser extent for spawning
and/or to feed on prey fish. This information is important for management of Walleye,
because by illustrating the importance of side-channel and floodplain habitats in Missouri
River reservoirs, prioritization of the protection and/or enhancement of side-channel and
floodplain habitats is possible.
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Introduction
Large riverine systems exhibit both longitudinal connectivity between upstream
and downstream environments and lateral connectivity with floodplains (Amoros and
Bornette 2002). Longitudinally, the species assemblage and water chemistry at a given
point on a large river are affected by biotic (i.e. organic matter) and abiotic (i.e, geology)
factors upstream. Laterally, the biota and physical characteristics of side-channel and
floodplain habitats such as tributaries and side-channel embayments are influenced by
and influence the main channel of the river. Floods promote lateral and longitudinal
connectivity and maintain a variety of different habitat types (e.g. embayments,
tributaries, etc.) (Ward et al. 1999). Floodplain inundation results in nutrient deposition
into off-channel habitats, and, ultimately, nutrients recycling back into the main channel
after floodwaters recede (Bayley 1995). Longitudinally, flood waters move large
quantities of fish and nutrients to downstream locations. Moreover, mobile fish species
rely on longitudinal connectivity to move among habitats (Park et al. 2003).
When longitudinal connectivity of rivers is severed by dams, the resulting
reservoirs function like both lakes and rivers in part, and so change from “flood-rivers” to
“reservoir rivers” (Welcomme 1979). These impounded rivers (reservoirs) are no longer
solely riverine, nor are they soley lacustrine (Stanford et al. 1996). Reservoirs
functionally act like lakes in some ways, with dynamics such as water mixing,
sedimentation and light penetration serving important roles on water quality (Elçi 2008,
McAlister et al. 2013, Thornton et al. 1980). However, chains of reservoirs that are
common on many large rivers function similarly to large rivers as well, although they
often lack some characteristics (i.e. rapid flows) of rivers (Nilsson and Berggren 2000).

61

Riverine sections often are cooler in the summer because of influx of waters from
bottom-release dams on the upstream end of reservoirs, which is typically where
floodplain habitats occur on such reservoirs (Olden and Naiman 2010, Poddubny and
Galat 1995). As a result, many of the floodplain habitats in a reservoir may have cold
water temperatures that result in decreased productivity (Olden and Naiman 2010).
Reservoir aging also results in decreased habitat heterogeneity and increased
homogenization of geomorphology (Juracek 2015). As a reservoir ages, it becomes
shallower, and in-reservoir structure is buried (Juracek 2015). Loss of in-reservoir
structure in old reservoirs may be mitigated by restoring and/or maintaining connectivity
with diverse floodplain habitats (Stanford et al. 1996). Absence of floods that created and
maintained connectivity of side-channel and floodplain habitats with the main channel in
unregulated rivers results in the severing of connectivity with such habitats in reservoirs
(Stanford et al. 1996). With severed connectivity between the reservoir and its sidechannel and floodplain habitats, important interactions (e. g. nutrient exchange, natal
contribution of fishes) from side-channel and floodplain habitats to the reservoir are
decreased (Ward and Stanford 1995). For instance, external nutrient loading from
tributaries and the surrounding landscape often accounts for a large portion of the nutrient
load of reservoirs (Roberto et al. 2009).
Connectivity with floodplain habitats such as embayments promotes nutrient
enrichment in the pelagic zone of rivers and reservoirs (Schemel et al. 2004).
Embayments generally have higher total phosphorus, greater zooplankton densities,
warmer water temperatures, and higher chlorophyll-a concentrations than pelagic habitats
(Hall et al. 2003). Thus, embayments are excellent nursery areas for larval and juvenile
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fish. Larval densities of sport fish species such as yellow perch (Perca flavescens) and
sunfishes (Lepomis spp.) are greater in embayments than in surrounding habitat types
(Klumb et al. 2003).
Side-channel and floodplain embayments are rare habitat in the Missouri River,
and after a catastrophic flood in 2011, connectivity between a warm-water floodplain
embayment (Hipple Lake) and Lake Sharpe was reduced significantly (R. Hanten, South
Dakota Game, Fish and Parks, personal communication). Because Hipple Lake is the
only warm-water floodplain embayment on Lake Sharpe, loss of connectivity with the
mainstem reservoir could result in reduced walleye reproduction and recruitment, which
would impair Lake Sharpe’s multimillion dollar Walleye fishery. Hipple Lake itself
serves as an important local fishery, featuring many recreationally important fishes,
including White Bass (Morone chrysops), Largemouth Bass (Micropterus salmoides),
Smallmouth Bass (Micropterus dolomeiu), Walleye (Sander vitreus), Sauger (Sander
canadensis), Yellow Perch, Northern Pike (Esox Lucius), Black Crappie (Pomoxis
nigromaculatus) and White Crappie (Pomoxis annularis).
The first objective of this study was to use otolith microchemistry to quantify the
importance of floodplain habitats (mainly Hipple Lake) to Lake Sharpe’s Walleye
fishery. The second and third objectives of this study were to assess Walleye natal
recruitment and annual movement patterns in Lake Sharpe using otolith microchemistry.
To quantify natal origins and movement of Walleye in Lake Sharpe, temporally stable
water trace element concentrations were paired with spatially variable otolith trace
element concentrations to create a fingerprint for otolith assimilation at each habitat type.
Then, core (natal) signatures and annuli (yearly) signatures were assigned to a habitat
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type based on the fingerprint of otolith trace element assimilation. Since otolith
microchemistry has been used before on Walleye in Lake Sharpe to evaluate the
contribution of tributaries to the main channel fishery (Carlson et al. 2016), we
hypothesized it would be effective at evaluating the contribution of other side-channel
and floodplain habitats as well.

Methods
Study Site
Lake Sharpe is the fourth-most upstream reservoir of the Missouri River located
in South Dakota, USA (Figure 3-1). Spanning 25,000 ha from Oahe Dam to Big Bend
Dam, Lake Sharpe has a mean depth of 9.5m and a maximum depth of 23.7m. Oahe Dam
was constructed by the United States Army Corps of Engineers as a water control and
hydropower reservoir. The northern end of Lake Sharpe has a stilling basin, two principal
embayments (i.e., Hipple Lake, La Framboise), one major tributary (i. e. Bad River), a
canal (i.e., Marion’s Garden Complex), and several smaller tributaries (Figure 3-1). The
southern end of the reservoir is characterized by mainstem environments, lacking
tributaries or embayments. Lake Sharpe supports a renowned recreational fishery and is
an important source of revenue for local economies, bringing in $5.3 million from MayJuly 2014 alone (Hanten et al. 2014).

Trace Element Sampling
Duplicate water samples were collected from 11 locations in Lake Sharpe in Fall
2014 at main channel (n = 5), embayment (n = 3), stilling basin (n = 1), canal (n = 1), and
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free-flowing tributary (n = 1) sites to assess spatial and temporal patterns in trace element
concentrations (Figure 3-1). All samples were gathered using nitrile gloves and a syringe
filtration method set forth in Shiller 2003. These methods have been employed in
previous otolith microchemistry studies (Zeigler and Whitledge 2010, 2011, Phelps et al.
2012). Samples were stored in sealed coolers to prevent evaporation and associated
chemical changes. Trace element (i.e.., strontium [Sr], barium [Ba], magnesium [Mg],
manganese [Mn], and sodium [Na]) and calcium concentrations were measured using
high-resolution inductively coupled plasma mass spectrometry (HR-ICPMS) at the
University of Southern Mississippi. All concentrations were converted to micromolar
ratios against calcium (μmol∙mol-1) as this element is a pseudo-internal standard
(Bickford and Hannigan 2005; Ludsin et al. 2006, Whitledge et al. 2007). Magnesium,
manganese, sodium and δ18O did not provide sufficient resolution to assess walleye
environmental history.
Surficial and bedrock geology are temporally stable in Missouri River
impoundments and presumably cause temporally consistent water signatures (Bickford
and Hannigan 2005). To verify this, historical (1977-1990) Sr:Ca and Ba:Ca ratios from
the main channel of Lake Sharpe were compared to current signatures at this location.
Historical water samples were collected in spring (i.e. March-May) and summer (i.e.
July-September) and were obtained from the United States Geological Survey National
Stream Water-Quality Monitoring Network for Region 10, which includes the South
Dakota portion of the Missouri River (Alexander et al. 1996). Trace element
concentrations were quantified using an ICPMS protocol analogous to the one employed
herein. Water samples were filtered and fixed in dilute acid solution, and flame-atomic
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absorption or solution-mode inductively coupled plasma mass spectrometry was used to
measure elemental concentrations, depending on the element and date of sampling
(Alexander et al. 1996).

Fish Sampling
Age-0 individuals were collected in October 2012 from a tributary (i.e., Bad
River), one stilling basin, and three mainstem sites and in July, September, and October
2014 from two embayments (i.e., Hipple Lake, La Framboise), a canal (i.e., Marion’s
Garden Complex) and two mainstem sites using shoreline seining, gillnetting, and boat
electroshocking. Shoreline seining was executed using a boat, which navigated an arc
around a person holding the net on the shoreline. Fish were taken from 24-hour gillnets
with varying mesh sizes capable of catching both age-0 and adult fish. Electrofishing was
used to collect fish when shoreline seining wasn’t possible (due to submerged
rocks/trees). Areas were exhaustively sampled at all possible different microhabitats to
ensure that sampled fish were representative of their large-scale habitat type. Repetitive
passes were used to ensure that if Walleye were present, some individuals were sampled.
Adult fish were sampled in Hipple Lake, La Framboise, one stilling basin, Marion’s
Garden Complex, Bad River, and five mainstem sites on Lake Sharpe in June-October
2014 and May, June, and September 2015 (Table 3-1, Figure 3-1). Adult sampling
throughout the reservoir ensured environmental history assessment could be applied to
the entire population.

Otolith Microchemistry
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Walleye were sacrificed immediately after collection and placed on ice to
preclude stress-induced fluctuations in otolith trace element signatures. Both sagittal
otoliths from each individual were removed in a laboratory using plastic, triple acidwashed forceps (Campana et al. 2000; Brazner et al. 2004). Prior to microchemical
analysis, otoliths were aged by two independent readers and triple-rinsed in distilled,
ultrapure water; air-dried for a minimum of 24 hrs; and stored in acid-washed 2-mL
polypropylene microcentrifuge tubes (Zeigler and Whitledge 2010). After initial
cleaning, adult otoliths were sectioned in the transverse plane using a low-speed Isomet
diamond saw (Buehler, Lake Bluff, Illinois). The saw blade was cleaned after each
section with aluminum oxide lapping film (3 µm grit) to prevent otolith contamination.
Age-0 otoliths were not sectioned due to small size and fragility. Finally, otoliths were
sanded and polished with 3M wet or dry sandpaper (400 grit) and aluminum oxide
lapping film, mounted on petrographic slides (Donohoe and Zimmerman 2010), and
sonicated in ultrapure water.
An Agilent Technologies 7500a quadrupole inductively coupled plasma mass
spectrometer coupled to a New Wave Research UP-213-nm laser with He as the carrier
gas was used for laser ablation analysis at the University of California–Davis
Interdisciplinary Center for ICPMS. A suite of trace elements (i.e., 88Sr, 86Sr, 138Ba, 137Ba,
24

Mg, 55Mn, and 23Na) were measured, but only 137Ba, 138Ba, 86Sr, and 88Sr (expressed as

Ba:Ca and Sr:Ca) were used to assess Walleye environmental history as they had the
highest resolution. Laser settings were 70 % energy, 10 Hz, 40 um spot size, 25 sec dwell
time, 50 sec acquisition, and 25 sec background. The calibration standard was USGS
synthetic glass standard GSE-1G, and two additional reference standards (GSD-G1 and
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MACS-3) were used as quality controls for verification of instrument accuracy and
precision. Standards were ablated in three to five locations after every ten to fifteen
samples to adjust for possible instrument drift. Mean limits of detection for 137Ba and 88Sr
were 0.03 and 0.62 ppm, respectively; concentrations of these elements in all otoliths
were well above detection limits. Data were reduced using specialized computer software
(Glitter 4.4, GEMOC CSIRO, Macquarie Research Ltd., Macquarie University, Sydney,
Australia and ICP-MS MassHunter, Agilent Technologies, Santa Clara, CA). Otolith
signatures were background subtracted, 43Ca was used as an internal standard (Bickford
and Hannigan 2005; Ludsin et al. 2006; Whitledge et al. 2007), and final trace element
concentrations were obtained by matching 43Ca counts to the sample CaO concentrations
obtained independently by electron microprobe. All signatures are reported as element:Ca
ratios (μmol∙mol-1). Age-0 and adult otoliths were spot-ablated along transects
encompassing the core and each annulus. For each spot, a 15-s laser warm-up time was
followed by a 20-s dwell time during which the sample was ablated. The integration time
for all elements (0.01 s for 43Ca, 0.05 s for 88Sr and 137Ba) was repeated throughout the
20-s dwell time. Following ablation, there was a 95-sec washout time.

Statistical Analysis
Analysis of variance (ANOVA) with Tukey’s Honestly Significant Difference
(HSD) test for multiple comparisons was used to assess spatial and temporal patterns in
Lake Sharpe Ba:Ca and Sr:Ca signatures. Water data were log10-transformed if they did
not meet assumptions for normality and homoscedasticity as inferred from Shapiro-Wilk
tests and Levene’s tests, respectively. Long-term patterns in summer Sr:Ca and Ba:Ca

68

were evaluated using the F ANOVA site x period (i.e., historical, current) interaction.
Mean signatures and 95% confidence intervals were also compared between periods.
Relationships between water and age-0 mean terminal otolith signatures at corresponding
collection sites were assessed using least-squares linear regression, as in previous otolith
microchemistry studies (Munro et al. 2005; Zeigler and Whitledge 2010). An ANOVA
was also used to evaluate site variability in age-0 mean terminal otolith signatures among
sites, which represented a fingerprint for adult site assignment. We presumed that age-0
Walleye (as opposed to adults) did not move from hatching locations and thus otolith
signatures would reflect site-specific Ba:Ca and Sr:Ca concentrations. We used K-sample
nearest neighbor discriminant analysis to measure the accuracy with which age-0 natal
otolith signatures could reclassify fish to natal sites. This nonparametric method permits
reliable reclassification when otolith data do not meet assumptions of normality or
homoscedasticity (Bickford and Hannigan 2005). Year-specific signatures were used to
depict annual movement of adult Walleye from hatch to capture. Statistical significance
for all analyses was set at α ≤ 0.05.

Results
Natal Recruitment
Water Sr:Ca was temporally consistent between 2012 and 2014 (F1,6 =0.01, P =
0.93), but not for water Ba:Ca: F1,6 = 53.27, P <0.01) for the 7 sites where water was
sampled in both years (Figure 3-2). Although water Ba:Ca was different in 2014 than in
2012, Hipple Lake had consistently higher water Ba:Ca than all other sites in both years
(Figure 3-2). In addition, water Sr:Ca was temporally consistent between 1983 and 2000
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(F8,30 =1.34, P = 0.26), but not for water Ba:Ca between 1978 and 1998 (F10,34 = 4.51, P
<0.01) for one mainstem site (the only one where long-term data was available, Figure 33). Water Sr:Ca and Ba:Ca was spatially variable (Ba:Ca: F5,36 = 4.54, P < 0.01; Sr:Ca:
F5,36 = 7.09, P < 0.01) in 2014 in Lake Sharpe (Figure 3-4). In addition, linear regressions
between water and mean terminal otolith signatures were neutral, proportional, and not
significant for Ba:Ca (R2 = 0.005, P = 0.85, Figure 3-5) and positive, proportional, and
not significant for Sr:Ca (R2 = 0.064, P = 0.51, Figure 3-5). Although water-otolith
regressions were positive but not statistically significant, otolith signatures are known to
vary with water signatures in the study system (Carlson et al. 2016). Mean age-0 terminal
univariate otolith signatures were heterogeneous among sites for Ba:Ca (F4,37 = 11.28, P
<.01) and not heterogeneous among sites for Sr:Ca (F4,37 = 1.25, P = 0.31; Figure 3-6).
Since univariate signatures were not heterogeneous, a bivariate approach was employed
for fish assignment, with Sr:Ca used as the primary element and Ba:Ca used secondarily.
Analysis of bivariate age-0 terminal otolith signatures (i.e., Sr:Ca and Ba:Ca) indicated
that Lake Sharpe sites were distinguishable from Hipple Lake, and habitat types were
distinguishable from one another (i.e. canal, cold-water embayment (La Framboise),
warm-water embayment (Hipple Lake), main channel, tributary, stilling basin).
K-sample nearest neighbor discriminant analysis illustrated discrete bivariate (e.
g., Ba:Ca, Sr:Ca) age-0 otolith signatures for Lake Sharpe contrasted with Hipple Lake
(97% accuracy for Sharpe, 80% for Hipple Lake) (Table 3-2). Mean reclassification
accuracy for all sites was low (65%), this reflected the relative chemical similarity of
mainstem locations, which comprised the majority of our study sites and detracted from
neither the distinctness of embayment signatures nor our fingerprint for evaluating adult
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Walleye history. Bivariate natal signatures were distinct between Lake Sharpe and Hipple
Lake due primarily to spatial heterogeneity in Sr:Ca signatures. Hipple Lake was
distinguishable when a bivariate approach was used for fish assignments, in that although
some sites had single elemental ratios (e.g., Sr:Ca, Ba:Ca) similar to Hipple Lake, no site
had both elemental ratios similar to Hipple Lake. Side-channel and floodplain habitats
contributed to the adult Walleye population to the same extent as main channel habitats.
A large portion (35%) of adult Walleye hatched in side-channel and floodplain habitats
(Table 3-3). Of the Walleye that hatched in side-channel and floodplain habitats, a small
portion (1%) of adult Walleye hatched in Lake Sharpe’s stilling basin, whereas
approximately one-third (34%) of adult Walleye hatched in embayments (8% in Hipple
Lake, 26% in La Framboise). No adults hatched in a tributary or canal site. Another 34%
of adult Walleye hatched in main channel environments, including Joe Creek (25%),
North Shore (6%), and West Bend (3%). Walleye recruitment was highest in La
Framboise (0.205 fish/100 adults/ha), followed by Hipple Lake (0.045 fish/100
adults/ha), the stilling basin (0.024 fish/100 adults/ha), and the main channel (0.002
fish/100 adults/ha) (Table 3-3). Many (31%) of the adult Walleye natal signatures could
not be assigned to a location (Table 3-3). The contribution of side-channel and floodplain
habitats to the natal recruitment of Walleye in Lake Sharpe varied by year (0-55%) across
years with >3 adults sampled (Table 3-5).

Movement
Variability in otolith Ba:Ca and Sr:Ca signatures allowed for assessment of
annual movement patterns of adult Walleye. Otolith annuli signatures of adult Walleye
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collected in the main channel of Lake Sharpe and Hipple Lake indicated similar natal
recruitment and movement patterns, with Walleye collected in either Hipple Lake or the
main channel spending similar amounts of time in side-channel and floodplain habitats
and the main channel (Table 3-4). Movement patterns of adults collected in mainstem
environments was similar to those of Hipple Lake captured-fish. Adults from these
locations typically occupied mainstem sites (58-68% of annuli) with a smaller portion of
time spent in embayment sites (31-40% of annuli) and a small fraction of time spent in
tributaries or the stilling basin (1-2%; Table 3-4). The magnitude of annual movement
varied among individuals, with some adults remaining site residents and others moving
nearly every year. Occupancy rates of adults in Lake Sharpe’s Stilling Basin (0.48% of
annuli signatures) and North Shore (9.06% of annuli signatures) signified use of the full
extent of Lake Sharpe, from its upstream to downstream reaches. Movement into sidechannel and floodplain habitats did not change before (32%), during (32%), or after
(34%) the flood of 2011, which points to diminished connectivity not yet affecting the
ability of Walleye to move into such habitats (Table 3-6).

Discussion
The importance of side-channel and floodplain habitats in the Walleye’s
environmental history is largely unknown (Zeigler and Whitledge 2011). For instance,
the contribution of side-channel embayments of large rivers on main channel walleye
fisheries has not been documented. In the present study, otolith microchemistry was
effective at evaluating Walleye environmental history on a finer scale (habitat-type
within a reservoir) than a previous study on Lake Sharpe (Carlson et al. 2016). This
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resolution allowed us to document that main channel habitats and side-channel and
floodplain habitats contributed similarly to Walleye recruitment within Lake Sharpe. In
particular, Hipple Lake and La Framboise were important sites for Walleye recruitment.
Otolith microchemistry was also effective at quantifying annual movement of adult
Walleye between the main channel and side-channel and floodplain habitats. Adult
Walleye spent the majority of their time (58-68%) in the main channel, and a smaller
portion of their time (31-40%) in side-channel and floodplain habitats. The ability to
recreate the environmental history of Walleye (natal origin and movement) is beneficial
to understanding reservoir ecology and identifying management opportunities.
Successfully identifying spawning habitats at a finer scale than previous research
was possible due to spatial variability of age-0 mean otolith signatures when both Sr:Ca
and Ba:Ca ratios were used. Although the relationships between age-0 mean otolith Sr
signatures to water Sr signatures and age-0 mean otolith Ba signatures to water Ba
signatures both lacked positive, proportional, and significant regressions, this is likely
due to the small amount of variability in water Ba:Ca and Sr:Ca concentrations in Lake
Sharpe. A previous study with more sample sites on the four mainstem Missouri River
reservoirs in South Dakota found positive, proportional, and significant regressions for
water and mean Walleye otolith signatures of Sr:Ca and Ba:Ca, providing strong support
that such relationships exist for Walleye in Lake Sharpe (Carlson et al. 2016). Combined
Sr:Ca and Ba:Ca signatures enabled discrimination of Walleye that hatched in
embayments, tributaries, a canal, or a stilling basin from those that originated in
mainstem sites. However, the specific signatures used in this study did not permit
assessment of mainstem natal recruitment on a site scale, because mainstem sites
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generally had similar Sr:Ca and Ba:Ca, similarly to findings of previous research
(Strange and Stepian 2007).
Only a few otolith microchemistry studies on Walleye recruitment have been
conducted (Bickford and Hannigan 2005, Bigrigg 2008, Carlson et al. 2016). Of these
studies, the scale was on the contribution of tributaries or streams to main channel
reservoirs, or hatchery vs. wild origin. The relative contribution of natal recruitment in
side-channel and floodplain embayments compared to other side-channel and floodplain
habitats to main channel Walleye fisheries has not been quantified with otolith
microchemistry. Natal origins of Walleye have typically been tracked using genetics
approaches, but such approaches rely on different genetic stocks existing in the same
system (Strange and Stepian 2007). Furthermore, tagging studies and acoustic/radio
telemetry have been employed to evaluate natal origins of Walleye (Foust and Haynes
2007, Hayden et al. 2014, Paragamian 1989, Thomas et al. 2005, Thompson 2009).
Tagging studies are costly, and radio telemetry is limited to large, older individuals
(Zeigler and Whitledge 2011), Unlike tagging studies and telemetry, otolith
microchemistry allows direct quantification of natal recruitment, instead of presuming
adult movement during the spawning season is an indicator of natal recruitment. The
current study looked at habitat use of all side-channel and floodplain habitats of a
reservoir, filling knowledge gaps of the relative importance of canals, embayments,
stilling basins, and tributaries to a main channel fishery’s natal recruitment.
Walleye are known to spawn in either rivers or lakes, based on their genetic
makeup (Jennings et al. 1996). Also, they prefer gravel or cobble substrate for spawning
(Thompson 2009, Paragamian 1989, Stepaniuk 1989). Walleye populations can either be
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migratory or not, with site-fidelity to spawning grounds documented (Stepian and Faber
1998). The dynamics of Walleye spawning based on habitat preferences in Lake Sharpe
has not been studied. A further understanding of the dynamics of Walleye spawning in
Lake Sharpe will enable more effective management of the reservoir’s fishery. For
example, protection and improvement of habitat types can be prioritized based on natal
and adult contribution of Walleye to different sites. In addition, sites with relatively low
natal contributions or adult contributions to the Walleye population could be included in
habitat restoration plans in order to make them better environments for Walleye
spawning, feeding, and/or refuge.
Walleye are the most economically-important fish species in South Dakota, and
one of the most economically-important fish species in North America (Billington et al.
1992, VanDeHey et al. 2011). Nearly 80,000 angler days are spent on Lake Sharpe
during daytime between May-July alone (Hanten et al. 2014). Since Lake Sharpe is an
important Walleye fishery, maximization of its fishery is essential for local communities.
A catastrophic flood reduced connectivity between side-channel and floodplain habitats
and the main channel of Lake Sharpe, and the findings of this study illustrates that these
side-channel and floodplain habitats account for a substantial amount of the natal
recruitment of Lake Sharpe’s fishery. Connectivity between side-channel and floodplain
habitats and the main channel may need to be restored and maintained due to the
substantial natal contribution of side-channel and floodplain habitats to Lake Sharpe’s
fishery.
Although a large percentage (31%) of Walleye where unassignable to a specific
site, it is likely that these fish hatched in mainstem environments because embayments
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and tributaries, which tend to have unique geology (and thus unique chemical signatures)
in Missouri River reservoirs, were comprehensively sampled in Lake Sharpe. For
example, Hipple Lake, with the highest Sr:Ca and Ba:Ca of any site sampled, had high
reclassification accuracy, thus fish with lower otolith Sr:Ca and/or Ba:Ca were known to
have originated in other locations. Moreover, because no adult Walleye hatched in
tributary or canal sites, individuals with otolith signatures below Hipple Lake levels were
known to have hatched in mainstem environments. With the addition of the unassigned
natal signatures being assigned to main channel signatures, the natal contribution of main
channel sites increased to approximately 70%. Hipple Lake and La Framboise
contributed to the recruitment of .045 fish/ha and .205 fish/ha respectively, whereas main
channel habitats contributed to only .002 fish/ha. Due to the small size and wide-scale
movement patterns of larval Walleye, it is possible that larval fish used to create our
fingerprint of otolith assimilations of the different habitat types that were captured in La
Framboise or the stilling basin were actually hatched in the main channel. If this is the
case, habitat-specific natal assimilations would be representative of both the habitat type
in question and the main channel. This could be why there were large contributions to
Walleye recruitment from La Framboise and the stilling basin. With otolith
microchemistry, larval fish are assumed not to have moved from their natal habitat, but
this may not be the case.
However, it is reasonable that La Framboise would contribute greater to Walleye
natal recruitment in Lake Sharpe, because unlike Hipple Lake, La Framboise is a deeper,
cold-water embayment with greater connectivity to the main channel (R. Hanten,
personal communication). Depths in La Framboise exceed 12 meters, whereas maximum
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depth in Hipple Lake is 3 meters (R. Hanten, personal communication). In addition, La
Framboise has a causeway on its upstream end, resulting in cold water from the bottomrelease of the Lake Oahe dam greatly cooling the water in the embayment. Hipple Lake is
8 kilometers further downstream of the dam than La Framboise, and only features
connectivity on its lower end, minimizing cold-water inputs into the embayment. Hipple
Lake’s shallow depth results in increased warming from the sun, further increasing water
temperatures. Thermal preference could be a reason why minimal natal recruitment
occurred in a warm-water embayment, while a significant proportion of natal recruitment
occurred in a cold-water embayment and the colder water of the main channel reservoir
(Quist et al. 2002).
Our findings regarding Walleye natal recruitment at a habitat-type scale were
similar to previous research. For instance, we found no adult Walleye hatched in tributary
habitat, but a large portion hatched in main channel habitats. La Framboise, Lake
Sharpe’s cold-water embayment, consists of riprap shelves along an island and a dyke,
which is ideal spawning habitat for Walleye (Michaletz 1984). Moreover, Walleye
hatched in La Framboise only have a short distance to drift to productive waters with
ample food availability, whereas the stretch of Lake Sharpe above La Framboise features
a precipitous decrease in productivity (Fincel 2011). Furthermore, this study illustrates
that when cold-water side-channel and floodplain habitats are limited, a significant
proportion of natal recruitment can occur in the main channel.
Our results show that in reservoir systems lacking major tributaries, side-channel
and floodplain habitats (primarily cold-water embayments) can serve as more important
spawning grounds than small tributaries for Walleye natal recruitment. For instance, we
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found no adult Walleye hatched in tributary habitat, but a large portion hatched in main
channel habitats. Research has shown reservoirs to be more important than tributaries in
reservoir-tributary systems to Walleye natal recruitment (Wolff 2007). ). The Bad River
is a turbid, slow-flowing tributary with a silt bottom and warm water temperatures,
making it likely unappealing to Walleye (Lester et al. 2004). Walleye prefer large, turbid
lakes with gravel substrate for spawning (Bozek et al. 2011, Scott and Crossman 1998).
As with natal recruitment, adults from both Lake Sharpe and Hipple Lake were
found to primarily utilize the main channel (58-68% of annuli ablations), and spend a
smaller proportion of time in embayments (31-40%). Embayments seem to be equally
important to adult Walleye as to age-0 Walleye, because a similar percentage (34%) of
Walleye were hatched in embayments as adult Walleye movement that occurred in
embayments (31-40%). Furthermore, some adult Walleye resided in the same site year
after year, whereas others moved frequently on an annual basis. In regards to movement,
our findings that some individuals would move the entire expanse of Lake Sharpe is not
surprising, given that Walleye are known to move large distances (Carlson et al. 2016,
Wang et al. 2007).
In the present study, a dominant predator used side-channel and floodplain
habitats relatively infrequently, which complements a concurrent study where an
abundant prey source (i.e. Gizzard Shad (Dorosoma cepedianum)), were found to use
side-channel and floodplain habitats frequently (author’s unpublished data). Adult
Walleye do not utilize side-channel and floodplain habitats to the extent adult Gizzard
Shad do, possibly because Gizzard Shad feed on detritus (which accumulates in the
slackwater side-channel and floodplain habitats), whereas adult Walleye prefer deeper,
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main channel habitats (Bennett and McArthur 1990, Schaus et al. 1997). Side-channel
and floodplain habitats serve as important nursery areas for both predatory fish and prey
fish age-0 and juveniles because they contain low velocity, warm-water habitats with
high nutrient availability and high macrophyte abundance (Turner et al. 1994, Madsen et
al. 2001, Pease et al. 2006). Increased solar warming results in warmer water
temperatures, which in turn increases growth rates for warm-water species. Increased
nutrient availability in embayments results in higher macrophyte density than relatively
nutrient-poor main channel locations. Submerged vegetation in littoral zones promotes
juvenile fish recruitment by increasing density of invertebrates and increasing habitat
complexity (Randall et al. 1996).
Future research on Walleye environmental history in Lake Sharpe could look at
the genetic makeup of the Walleye population, to see if migratory and non-migratory subpopulations exist. In addition, telemetry studies could increase the resolution (i.e. yearly
to daily) at which movement patterns could be tracked in the reservoir. In addition, Sr:Ca
and Ba:Ca were adequate to address our objectives, but other otolith signatures (e.g.,
Mg:Ca, δ13C, δ18O, δ2H, 87Sr/86Sr) may provide additional information relevant for
management of Walleye populations.
In summary, our results demonstrate the importance of side-channel and
floodplain habitats to the adult Walleye population in Lake Sharpe. This finding has
important implications for Walleye management. Habitat types can be prioritized based
on their relative importance for natal recruitment of Lake Sharpe’s Walleye fishery.
Furthermore, sites that lost river-floodplain connectivity during the 2011 flood could be
restored through dredging based on their natal and adult contribution to the Walleye
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population. Lastly, habitat modifications (i.e. additions of gravel and cobble substrate to
promote Walleye spawning) to areas on Lake Sharpe could maximize natal recruitment of
Walleye.
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Table 3-1. Sample sizes of age-0 and adult Walleye collected in Lake Sharpe, South
Dakota, USA, and ablated for otolith microchemistry analysis.
Site
Bad river
De grey
Fort george
Hipple lake
Joe creek
La Framboise
Marion's garden
North shore
Stilling basin
West bend
Total

Type
Tributary
Main channel
Main channel
Embayment
Main channel
Embayment
Canal
Main channel
Stilling basin
Main channel

Ablated
Age-0
3
-4
5
5
5
1
10
5
6

Adult
10
10
10
20
11
10
10
11
10
10

44

112

89

Table 3-2. Results of k-sample nearest neighbor discriminant analysis with leave-one-out
jackknife cross-validation using Ba:Ca and Sr:Ca ratios of age-0 Walleye. Data include
the number known to have come from habitat types and Hipple Lake vs. Lake Sharpe
(Known), the number assigned to those locations (Assigned), and the percentage of
individuals correctly classified to known locations (Accuracy). Signatures were measured
at otolith locations synchronized with water sample collection to ensure reliable
identification of natal origins.
Natal Origin
Habitat type
Canal
Hipple lake
La Framboise
Main channel
Stilling basin
Tributary

Lake Sharpe vs. Hipple lake
Lake Sharpe
Hipple lake

Known Assigned

Accuracy

1
5
5
25
5
3

0
9
2
24
5
4

0
80
0
60
0
100
Mean: 89

39
5

40
4

97
60
Mean: 98
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Table 3-3. Percent (# individuals) natal contribution and natal contribution standardized
by surface area (#/100 adult fish/ ha) of embayments, mainstem locations, a tributary, and
a canal to the adult Walleye population in Lake Sharpe, South Dakota, USA.
Habitat
Canal
Hipple lake
La Framboise
Main channel
Stilling basin
Tributary
Unknown
Total

Natal Contribution
0 (0)
8 (9)
26 (29)
34 (38)
1 (1)
0 (0)
31 (35)
100 (112)

Standardized Natal Contribution
0
0.045
0.205
0.002
0.024
---
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Table 3-4. Number and percent of annulus ablations with signatures from each habitat
type for Hipple Lake and Lake Sharpe captured adult Walleye.
Habitat Type
Embayment
Main Channel
Tributary/Stilling Basin
Total

Hipple Lake
Number %
35
40
51
58
2
2
88

100

Lake Sharpe
Number
%
168
31
367
68
2
<1
537

100
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Table 3-5. Percent (# individuals) natal contribution of canals, Hipple Lake, the main channel, a stilling basin, a tributary, and
unknown habitat types to the adult Walleye population from 1999-2014 in Lake Sharpe, SD, USA.
Natal Origin
Hipple lake
La Framboise
Main channel
Stilling basin
Total

Year Class
1999 2000 2002 2003 2004 2005 2006 2007
0
0
0
0
0
0
0
25 (2)
0
100 (1)
0
0
0
40 (2)
0
13 (1)
100 (1)
0
100 (1) 100 (1) 100 (4) 60 (3) 100 (7) 63 (5)
0
0
0
0
0
0
0
0

2008
36 (4)
18 (2)
45 (5)
0

2009
2010
0
6 (1)
38 (10) 35 (6)
58 (15) 59 (10)
4 (1)
0

2011
0
25 (3)
75 (9)
0

2012
20 (2)
0
80 (8)
0

2013 2014
0
0
43 (3) 100 (1)
57 (4)
0
0
0

100 (1) 100 (1) 100 (1) 100 (1) 100 (4) 100 (5) 100 (7) 100 (8) 100 (11) 100 (26) 100 (17) 100 (12) 100 (10) 100 (7) 100 (1)
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Table 3-6. Percent (# individuals) natal contribution of canals, Hipple Lake, the main
channel, a stilling basin, a tributary, and unknown habitat types to the adult Walleye
population before, during, and after the 2011 flood in Lake Sharpe, SD, USA.
Site
La Framboise
Hipple
Main channel
Stilling basin
Tributary

Pre-Flood
25 (47)
6 (12)
68 (126)
1 (1)
0

During Flood
24 (20)
7 (6)
68 (56)
0
0

Post-Flood
25 (89)
8 (29)
66 (240)
1 (2)
1 (1)

Total

100 (186)

100 (82)

100 (361)
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Figure 3-1. Sampling sites for water chemistry (all) and age-0 (all but DGY) and adult
(all) Walleye in Lake Sharpe, SD between Fall 2012 and Fall 2014 . Site abbreviations
(upstream to downstream) are as follows: STB = Stilling Basin, MAR = Marion’s
Garden, BAD = Bad River, LAF = La Framboise Embayment, HIP = Hipple Lake
Embayment, FTG = Fort George (mainstem), DGY = De Grey (mainstem), JOE = Joe
Creek (mainstem), WBD = West Bend (mainstem), NOS = North Shore (mainstem).
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Figure 3-2. Mean water (A) Sr:Ca (mmol/mol) and (B) Ba:Ca (mmol/mol) concentrations
for Lake Sharpe sites sampled in summer 2012 (black bars) and 2014 (grey bars). Site
abbreviations (upstream to downstream) are as follows: STB = Stilling Basin, BAD =
Bad River, HPD = Hipple Lake Embayment (Docks), JOE = Joe Creek (mainstem), GRY
= De Grey (mainstem), WBD = West Bend (mainstem), NOS = North Shore (mainstem).
Error bars represent 1 SEM.

96

Figure 3-3. Mean water (a) Sr:Ca and (b) Ba:Ca for the main channel of Lake Sharpe in
Pierre, SD from October 1983 to August 2000 for strontium and for October 1978 to
December 1998 for barium.
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Figure 3-4. Mean water (a) Sr:Ca and (b) Ba:Ca values at the habitat types where water
samples were collected in Fall 2014. Means with the same letter are not significantly
different (ANOVA with Tukey’s HSD test on log10 transformed values; P ≤ 0.05). Error
bars represent 1 SEM.
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Figure 3-5. Linear regression of age-0 Walleye mean terminal otolith (a) Sr:Ca and (b)
Ba:Ca signatures on water ratios for the 9 sites sampled in Lake Sharpe, South Dakota,
USA. The relationships are not significant for Sr:Ca nor Ba:Ca. Water sampling occurred
in Fall 2012 and Fall 2014. Fish sampling occurred in Fall 2012, Summer 2014 and
Summer 2015. Error bars represent 1 SEM.
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Figure 3-6. Mean terminal otolith (a) Sr:Ca and (b) Ba:Ca ratios of age-0 Walleye at the
habitat types where both water and age-0 Walleye were collected. Signatures represent
mean terminal or adjusted mean terminal concentrations that are temporally matched with
water sampling. Means with the same letter are not significantly different (ANOVA with
Tukey’s HSD test on log10 transformed values; P ≤ 0.05). Error bars represent 1 SEM.
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CHAPTER 4: OTOLITH MICROCHEMISTRY REVEALS ENVIRONMENTAL
HISTORY OF SIX SPORT FISH SPECIES IN LAKE SHARPE, SOUTH DAKOTA
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Abstract
Riverine sport fishes often depend on side-channel and floodplain habitats (e.g.,
embayments, tributaries, canals, stilling basins) throughout their life history. The
reproductive contribution of side-channel and floodplain habitats to mainstem sport
fisheries varies depending on species. Side-channel and floodplain habitats function as
refuge environments for age-0 and juvenile fish and spawning habitats for adults. Thus,
river-floodplain connectivity is important for persistence of mainstem sport fisheries. To
date, natal origins and movements of many sport fish species nationwide have not been
investigated. We evaluated the reproductive contribution of side-channel and floodplain
habitats to mainstem sport fish populations by using otolith microchemistry to examine
the environmental history of Crappies (Pomoxis spp.), Bluegill (Lepomis macrochirus),
Yellow Perch (Perca flavescens), White Bass (Morone chrysops), Smallmouth Bass
(Micropterus dolomeiu) , and Largemouth Bass (Micropterus salmoides) in Lake Sharpe,
South Dakota, USA. Duplicate water samples and age-0 fish were sampled from a coldwater embayment, a warm-water embayment, a tributary, a canal complex, and six
mainstem sites. Age-0 individuals were reclassified to known natal habitat types (i.e.
mainstem Lake Sharpe or Hipple Lake, a large warm-water embayment) with 95-100%
accuracy. Side-channel and floodplain habitats were important for Bluegill, Crappie,
Yellow Perch, Largemouth Bass, and White Bass natal recruitment and adult occupancy,
but not for Smallmouth Bass recruitment and adult occupancy. Main channel habitats
were important for all species. Overall, otolith microchemistry is an effective tool for
sport fish management in Lake Sharpe as it reveals habitat-specific natal contributions
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and movement patterns of diverse species and thereby directs habitat protection and
restoration programs, harvest regulations, and other management activities.

Introduction
Rivers encompass a multitude of habitats as they meander across the landscape.
Most of the time, the river is confined within its banks. At regular intervals, floods
resulting from increased snowmelt or precipitation cause the river to inundate its
floodplains (Poff et al. 1997). With such inundation, floodplain habitats such as
embayments and backwaters are created (Poff et al. 1997). Floodplain habitats influence
main channels as newly-submerged macrophytes decompose in the water and nutrients in
the floodplain soil wash into the main channel with the receding waters (Junk et al.
1989). In addition, larval fish exploit the variety of habitats created with floodplain
inundation, seeking shelter from piscivores in dense submerged vegetation (Snickars et
al. 2004).
Embayments have warmer water temperatures, greater nutrient availability, higher
macrophyte abundance, and more refuge habitats from swift currents than main channel
sites for larval and juvenile fish than the main channel environments (Turner et al. 1994,
Madsen et al. 2001, Pease et al. 2006). Warmer water temperatures result in faster growth
rates for larval and juvenile fish (Jobling and Baardvik 1994). Greater nutrient
availability permits increased production of phytoplankton and zooplankton, which
juvenile fishes use as food resources (Schindler 1978). Refuge from swift currents enable
juvenile fish to maintain their location in the water column with limited energy expense,
resisting downstream transport (Starnes et al. 1983). Embayments act as nurseries for
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larval and juvenile fishes, which serve as forage items for piscivorous sport fish. The
floodplains of large rivers are known for their high species richness, due in part to habitat
heterogeneity of floodplain habitats (Sparks 1995). Floodplain habitats are essential to the
biodiversity of main channel ecosystems (Large and Petts 1996, Ward 1998). Such
habitats have been found to be important spawning and/or rearing habitats for a number
of sport fish, including Micropterus spp., Lepomis spp., and Chinook Salmon
(Onchorhynchus tshawytscha) (Burgess et al. 2013, Sommer et al. 2001).
Once rivers are impounded by dams, they function as reservoirs. Similarly to
unregulated rivers, reservoirs function according to the flood pulse concept (Wantzen et
al. 2008). Nutrients from reservoir floodplains are drained into the reservoir during
floodplain inundation, and floodplain habitats create habitat heterozygosity that fosters
high species richness (Wantzen et al. 2008). Furthermore, fish species use side-channel
and floodplain habitats of reservoirs either at the larval or adult life stages (Wantzen et al.
2008). Floods maintain connectivity between the main channel and side-channel and
floodplain habitats in unregulated rivers, whereas floods promote sedimentation and
cause a loss of connectivity in regulated rivers and reservoirs (Hall et al. 2011). Sediment
load is reduced in impounded rivers and reservoirs, which results in increased erosion
(Walling and Fang 2003, Willis and Griggs 2003). Resulting sedimentation can turn clear
vegetated backwaters and lakes to “turbid, barren basins” (Sparks et al. 1990). Increased
bedload capacity and sedimentation caused by dams results in loss of connectivity with
side-channel and floodplain habitats and cessation of creation of such features (Jungwirth
et al. 2002, Ward and Stanford 1995).
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In 2011, the largest flood since construction of the mainstem dams on the
Missouri River resulted in large amounts of sediment being deposited into the mouth of
Hipple Lake, Lake Sharpe’s only warm-water embayment, as well as other side-channel
and floodplain habitats (e.g., a tributary, a cold-water embayment) (H. Meyer, South
Dakota Game, Fish and Parks, personal communication). As a result of the catastrophic
flood of the Missouri River in 2011, river morphology has been altered and connectivity
between side-channel and floodplain habitats and the main channel has been diminished
in Lake Sharpe (Schenk et al. 2013). To restore connectivity between side-channel and
floodplain habitats and the main channel of Lake Sharpe, dredging may be necessary (W.
Saylor, South Dakota Game, Fish and Parks, personal communication). Dredging may be
warranted if side-channel and floodplain habitats are of biological importance (i.e. serve
as nursing grounds) to main channel sport fisheries. We hypothesize that side-channel
and floodplain habitats are important for all sport fish species in Lake Sharpe, whether it
be at the larval, juvenile, or adult life stages.
The objectives of this study were 1) to assess the utility of otolith microchemistry
on sport fish species at a habitat-type scale, and 2) to assess natal origins of sport fish and
3) to assess annual movements in Lake Sharpe using otolith microchemistry on annual
increments. To quantify natal origins and movement of sport fish in Lake Sharpe,
temporally stable water trace element concentrations were paired with spatially variable
otolith trace element concentrations to create a fingerprint for otolith assimilation at each
habitat type. Then, core (natal) signatures and annuli (yearly) signatures were assigned to
a habitat type based on the fingerprint of otolith trace element assimilation.
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Methods
Study Site
Lake Sharpe is the fourth-most upstream reservoir of the Missouri River located
in South Dakota, USA (Figure 4-1). Spanning 25,000 ha from Oahe Dam to Big Bend
Dam, Lake Sharpe has a mean depth of 9.5m and a maximum depth of 23.7m. Oahe Dam
was constructed by the United States Army Corps of Engineers as a water control and
hydropower reservoir. The northern end of Lake Sharpe has a stilling basin, two principal
embayments (i.e., La Framboise, Hipple Lake), one major tributary (i.e. Bad River), a
canal system (i.e., Marion’s Garden complex), and several smaller tributaries (Figure 41). The southern end of the reservoir is characterized by mainstem environments, lacking
embayments or major tributaries. Lake Sharpe supports a renowned recreational fishery
and is an important source of revenue for local economies.

Trace Element Sampling
Duplicate water samples were collected in 11 locations in Lake Sharpe in Fall
2014 at main channel (n = 5), embayment (n = 3), stilling basin (n = 1), canal (n = 1), and
free-flowing tributary (n = 1) sites to assess spatial and temporal patterns in trace element
concentrations (Figure 4-1). All samples were gathered using nitrile gloves and a syringe
filtration method set forth in Shiller 2003. These methods have been employed in
previous otolith microchemistry studies (Zeigler and Whitledge 2010, 2011, Phelps et al.
2012). Samples were stored in sealed coolers to prevent evaporation and associated
chemical changes. Trace element (i.e.., strontium [Sr], barium [Ba], magnesium [Mg],
manganese [Mn], and sodium [Na]) and calcium concentrations were measured using
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high-resolution inductively coupled plasma mass spectrometry (HR-ICPMS) at the
University of Southern Mississippi. All concentrations were converted to micromolar
ratios against calcium (μmol∙mol-1) as this element is a pseudointernal standard (Bickford
and Hannigan 2005; Ludsin et al. 2006; Whitledge et al. 2007).
Surficial and bedrock geology are temporally stable in Missouri River
impoundments and presumably cause temporally consistent water signatures (Bickford
and Hannigan 2005). To verify this, historical (1977-1986) Sr:Ca and Ba:Ca ratios from
the Lake Sharpe stilling basin were compared to current signatures at this location.
Historical water samples were collected in spring (i.e. March-May) and summer (i.e.
July-September) and were obtained from the United States Geological Survey National
Stream Water-Quality Monitoring Network for Region 10, which includes the South
Dakota portion of the Missouri River (Alexander et al. 1996). Trace element
concentrations for historical samples were quantified using an ICPMS protocol analogous
to the one employed herein for 2014 samples. Water samples were filtered and fixed in
dilute acid solution, and flame-atomic absorption or solution-mode inductively coupled
plasma mass spectrometry was used to measure elemental concentrations, depending on
the element and date of sampling (Alexander et al. 1996).

Fish Sampling
Age-0 individuals were collected in July, September, and October 2014 and July,
September, and October 2015 from all nine of the sites where water chemistry was
measured using shoreline seining, gillnetting, and boat electroshocking. Shoreline seining
was executed using a boat, which navigated an arc around a person holding the net on the
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shoreline. Fish were taken from 24-hour gillnets with varying mesh sizes capable of
catching both age-0 and adult fish. Electrofishing was used to collect fish when shoreline
seining wasn’t possible (due to submerged rocks/trees). Areas were exhaustively sampled
at all possible different microhabitats to ensure that sampled fish were representative of
their large-scale habitat type. Repetitive passes were used to ensure that all species
present were sampled. Adult fish were sampled at the same locations as age-0 individuals
in June-October 2014 and May-October 2015 (Table 4-1, Figure 4-1). Adult sampling
throughout the reservoir ensured environmental history assessment applied to the entire
population of each species.

Otolith Microchemistry
To prevent otolith contamination, sport fish were sacrificed immediately after
collection and placed on ice to preclude stress-induced fluctuations in otolith trace
element signatures. Both sagittal otoliths from each individual were removed in a
laboratory using plastic, triple acid-washed forceps (Campana et al. 2000; Brazner et al.
2004). Prior to microchemical analysis, otoliths were aged by two independent readers
and triple-rinsed in distilled, ultrapure water; air-dried for a minimum of 24 hrs; and
stored in acid-washed 2-mL polypropylene microcentrifuge tubes (Zeigler and Whitledge
2010). After initial cleaning, adult otoliths were sectioned in the transverse plane using a
low-speed Isomet diamond saw (Buehler, Lake Bluff, Illinois). The saw blade was
cleaned after each section with aluminum oxide lapping film (3 µm grit) to prevent
otolith contamination. Age-0 otoliths were not sectioned due to small size and fragility.
Finally, otoliths were sanded and polished with 3M wet or dry sandpaper (400 grit) and
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aluminum oxide lapping film, mounted on petrographic slides (Donohoe and Zimmerman
2010), and sonicated in ultrapure water.
An Agilent Technologies 7500a quadrupole inductively coupled plasma mass
spectrometer coupled to a New Wave Research UP-213-nm laser with He as the carrier
gas was used for laser ablation analysis at the University of California–Davis
Interdisciplinary Center for ICPMS. A suite of trace elements (i.e., 88Sr, 86Sr, 138Ba, 137Ba,
24

Mg, 55Mn, and 23Na) were measured, but only 137Ba, 138Ba, 86Sr, and 88Sr (expressed as

Ba:Ca and Sr:Ca) were used to assess sport fish environmental history as they had the
highest resolution. Laser settings were 70 % energy, 10 Hz, 40 um spot size, 25 sec dwell
time, 50 sec acquisition, and 25 sec background. The calibration standard was USGS
synthetic glass standard GSE-1G, and two additional reference standards (GSD-G1 and
MACS-3) were used as quality controls for verification of instrument accuracy and
precision. Standards were ablated in three to five locations after every ten to fifteen
samples to adjust for possible instrument drift. Mean limits of detection for 137Ba and 88Sr
were 0.03 and 0.62 ppm, respectively; concentrations of these elements in all otoliths
were well above detection limits. Data were reduced using Glitter 4.4 (GEMOC CSIRO,
Macquarie Research Ltd., Macquarie University, Sydney, Australia) and ICP-MS
MassHunter (Agilent Technologies, Santa Clara, CA). Otolith signatures were
background subtracted, 43Ca was used as an internal standard (Bickford and Hannigan
2005; Ludsin et al. 2006; Whitledge et al. 2007), and final trace element concentrations
were obtained by matching 43Ca counts to the sample CaO concentrations obtained
independently by electron microprobe. All signatures are reported as element:Ca ratios
(μmol∙mol-1).
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Age-0 and adult otoliths were spot-ablated along transects encompassing the core
and each annulus. For each spot, a 15-s laser warm-up time was followed by a 20-s dwell
time during which the sample was ablated. The integration time for all elements (0.01 s
for 43Ca, 0.05 s for 88Sr and 137Ba) was repeated throughout the 20-s dwell time.
Following ablation, there was a 95-sec washout time.

Statistical Analysis
Analysis of variance (ANOVA) with Tukey’s Honestly Significant Difference
(HSD) test for multiple comparisons was used to assess spatial and temporal patterns in
Lake Sharpe Ba:Ca and Sr:Ca signatures. All water data were log10-transformed once if
they did not meet assumptions for normality and homoscedasticity as inferred from
Shapiro-Wilk tests and Levene’s tests, respectively. Long-term patterns in summer Sr:Ca
and Ba:Ca were evaluated using the F ANOVA site x period (i.e., historical, current)
interaction. Mean signatures and 95% confidence intervals were also compared between
periods. Relationships between water and age-0 mean terminal otolith signatures at
corresponding collection sites were assessed using least-squares linear regression, as in
previous otolith microchemistry studies (Munro et al. 2005; Zeigler and Whitledge 2010).
An ANOVA was also used to evaluate site variability in age-0 mean terminal otolith
signatures among sites, which represented a fingerprint for adult site assignment. We
presumed that age-0 sport fish (as opposed to adults) did not move from hatching
locations and thus otolith signatures would reflect site-specific Ba:Ca and Sr:Ca
concentrations. We used K-sample nearest neighbor (KNN) discriminant analysis to
measure the accuracy with which age-0 natal otolith signatures could reclassify fish to

110

natal sites. This nonparametric method permits reliable reclassification when otolith data
do not meet assumptions of normality or homoscedasticity (Bickford and Hannigan
2005). Year-specific signatures were used to depict annual movement of adult sport fish
from hatch to capture. Statistical significance for all analyses was set at α ≤ 0.05.

Results
Natal Recruitment
Water Sr:Ca was temporally consistent between 2012 and 2014 (F1,6 = 53.27, P
<0.01), but not for water Ba:Ca (01F1,6 =0.01, P = 0.93) for the 7 sites where water was
sampled in both years (Figure 4-2). Although water Ba:Ca was different in 2014 than in
2012, Hipple Lake had consistently higher water Ba:Ca than all other sites in both years
(Figure 4-2). In addition, water Sr:Ca was temporally consistent between 1983 and 2000
(F10,34 = 4.51, P <0.01), but not for water Ba:Ca between 1978 and 1998 (F8,30 =1.34, P =
0.26) for one mainstem site (Figure 4-3). Water Sr:Ca and Ba:Ca was spatially variable
(Ba:Ca: F5,36 = 4.54, P < 0.01; Sr:Ca: F5,36 = 7.09, P < 0.01) in 2014 in Lake Sharpe
(Figure 4-4). In addition, linear regressions between water and mean terminal otolith
signatures for all species were either positive or negative, proportional, and not
significant for Ba:Ca and positive or negative, proportional, and not significant for Sr:Ca
(Table 4-2, Figs. 4-5 and 4-6). Although water-otolith regressions were positive but not
statistically significant, otolith signatures are known to vary with water signatures in the
study system (Carlson et al. 2016). Mean age-0 terminal univariate otolith signatures
were largely not heterogeneous among sites for Sr:Ca and Ba:Ca (Table 4-3, Figs. 4-7
and 4-8). However, analysis of bivariate age-0 terminal otolith signatures (i.e., Sr:Ca and
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Ba:Ca) indicated that Lake Sharpe sites were distinguishable from Hipple Lake, and
habitat types were distinguishable from one another (i.e. canal, embayment, main
channel, tributary, stilling basin).
K-sample nearest neighbor discriminant analysis illustrated discrete bivariate (e.
g., Ba:Ca, Sr:Ca) age-0 otolith signatures for Lake Sharpe contrasted with Hipple Lake
(64-94% accuracy for Sharpe, 25-67% for Hipple Lake) (Table 4-4). Mean
reclassification accuracy for all habitat types was low (20-40%), this reflected the relative
chemical similarity of mainstem locations, which comprised the majority of our study
sites and detracted from neither the distinctness of embayment signatures nor our
fingerprint for evaluating adult sport fish histories. Bivariate natal signatures were
distinct between Lake Sharpe and Hipple Lake due primarily to spatial heterogeneity in
Sr:Ca signatures. Hipple Lake was distinguishable when a bivariate approach was used
for fish assignments, in that although some sites had single elemental ratios (e.g., Sr:Ca,
Ba:Ca) similar to Hipple Lake, no site had both elemental ratios similar to Hipple Lake.
A small percentage (5%, 3% respectively) of Smallmouth Bass and Largemouth
Bass hatched in canal sites (Table 4-5). Canal sites were not important as natal hatch
locations of Bluegill, Crappie, Yellow Perch, White Bass or Gizzard Shad. Hipple Lake
accounted for a large percentage (43% and 35% respectively) of natal recruitment for
Bluegill and Crappie, and a small percentage (5% and 15% respectively) of natal
recruitment of smallmouth Bass and Largemouth Bass. La Framboise accounted for a
large percentage (23%) of natal recruitment of White Bass, and a small percentage (8%,
8%, 9% respectively) of adult Bluegill, Crappie, and Largemouth Bass natal recruitment.
The stilling basin site accounted for 18% of Yellow Perch natal recruitment, whereas the
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tributary site accounted for a small (5%, 6%, 18% respectively) percentage of Yellow
Perch, Largemouth Bass, and White Bass natal recruitment. A large percentage (31-72%)
of Bluegill, Crappie, Yellow Perch, Smallmouth Bass, Largemouth Bass, and White Bass
natal recruitment occurred in the main channel. Also, between 15-33% of many of the
species’ natal signatures could not be assigned to a location (Table 4-5). Smallmouth
Bass and Largemouth Bass recruitment was highest in canals (0.625 fish/100 adults/ha
and 0.375 fish/100 adults/ha, respectively), whereas Bluegill and Crappie recruitment
was highest in Hipple Lake (0.264 fish/100 adults/ha and 0.197 fish/100 adults/ha,
respectively) (Table 4-6). Furthermore, Yellow Perch recruitment was highest in the
stilling basin (0.439 fish/100 adults/ha), and White Bass recruitment was highest in La
Framboise (0.181 fish/100 adults/ha) (Table 4-6). Natal contribution of side-channel and
floodplain habitats to main channel sport fisheries varied by year and by species (Table 47).

Movement
Variability in otolith Ba:Ca and Sr:Ca signatures allowed for assessment of
annual movement patterns of adult sport fish. Otolith annulus ablations of adult sport fish
collected in Lake Sharpe and Hipple Lake indicate different natal recruitment and
movement patterns by species (Table 4-8). Many of the Bluegill signatures (11-18 % of
annuli signatures) could not be assigned to a specific site, but because we sampled habitat
types comprehensively in Lake Sharpe, we believe these unassigned signatures are main
channel signatures. With unassigned signatures assigned to the main channel, Bluegill
captured in Hipple Lake and Lake Sharpe occupied Hipple Lake (43-48%) and the main
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channel (41-49%) most frequently, with less time spent in La Framboise (8-11%).
Crappie occupied the main channel (42-64%) most frequently, with less time (27-34%)
spent in Hipple Lake. Most (54-66%) of Yellow Perch annuli ablations could not be
assigned to a specific site, but similarly to Bluegill, we believe these unassigned
signatures are main channel signatures. With unassigned signatures assigned to the main
channel, Yellow Perch occupied the main channel (63-87%) most frequently, with 7-22%
of their time spent in La Framboise, and less time spent in canals and the stilling basin (37% each).
Smallmouth Bass movement varied between fish that were captured in Hipple
Lake (81% main channel occupancy) and those that were captured in Lake Sharpe (92%
main channel occupancy). Hipple Lake captured Smallmouth Bass spent less time in
Hipple Lake (1% of annuli ablations) and canals (4% of annuli ablations). Largemouth
Bass occupied La Framboise (16-27% of annuli ablations) and main channel (24-36% of
annuli ablations) locations more than Hipple Lake (3-7% of annuli ablations). Canal sites
made up a large amount of Hipple Lake captured Largemouth Bass movement (27% of
annuli ablations), but only a small amount of Lake Sharpe captured Largemouth Bass
movement (6% of annuli ablations). White Bass spent most of their time in the tributary
site (47-56%), with less time spent in the main channel (14-26%) and La Framboise (713%) (Table 4-8). Movement patterns into side-channel and floodplain habitats before,
during, and after the flood were likely not different for any of the species we examined,
with differences in movement attributable to small sample sizes (Table 4-9).
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Discussion
Knowledge gaps exist about the environmental history of many sport fish species
(Ludsin and DeVries 1997, Stepian et al. 2007, Williamson et al. 1997). One such
unknown part of sport fish environmental history is the relative contribution of different
habitat types to natal recruitment, and the extent of existing studies on the topic are
confined to the tributary-reservoir scale (Carlson et al. 2016, Humston et al. 2010, Pangle
et al. 2010). Using otolith microchemistry, assignment of signatures to habitat-types for
each sport fish species was possible due to bivariate trace element signatures. Natal
recruitment of sport fish based on habitat-type were quantified, with side-channel and
floodplain habitats being important for natal recruitment of all species but Smallmouth
Bass, and main channel habitats being important for natal recruitment of all species.
Annual movement on a habitat-type scale was also quantifiable, and side-channel and
floodplain habitats were frequented by adult Bluegill, Crappie, Yellow Perch,
Largemouth Bass, and White Bass. Adult Smallmouth Bass rarely used side-channel and
floodplain habitats. A further understanding of sport fish natal recruitment and adult
utilization of habitat types in Lake Sharpe will guide management actions regarding
protection and restoration of side-channel and floodplain habitats essential to Lake
Sharpe’s sport fisheries. For instance, the Hipple Lake embayment was found to be
important for Bluegill, Crappie, Smallmouth Bass, and Largemouth Bass, and so
connectivity between this embayment and the main channel should be maintained to
maximize these sport fisheries.
Floodplain habitats are important for a number of sport fish species because they
offer increased habitat heterogeneity, which fosters increased diversity of prey species
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(Ward et al. 1999). This diversity of prey is important, because at different life stages
sport fish feed on different things. At each life stage, side-channel and floodplain habitats
offer benefits to sport fish populations. Fry of Yellow Perch and fry, juvenile, and adult
Bluegill feed on zooplankton, which are found in greater density and biomasss in
embayments (Hall et al. 2003, Krieger et al. 1983, Stuber et al. 1982b). Invertebrates, an
important diet item for juvenile Largemouth Bass, Smallmouth Bass, Black Crappie,
White Crappie, and Bluegill, are in greater abundance in backwaters (Arscott et al. 2005,
Edwards 1982, Edwards et al. 1982, Edwards et al. 1983, Stuber et al. 1982a,b). Adult
Yellow Perch, Largemouth Bass, Smallmouth Bass, Black Crappie, and White Crappie
feed on small prey fish, which seek the warmer temperatures, slower currents, and greater
nutrient availability of side-channel embayments (Edwards 1982, Edwards et al. 1982,
Edwards et al. 1983, Hall et al. 2003, Krieger et al. 1983, Stuber et al. 1982a).
Various side-channel and floodplain habitats are important spawning locations for
different sport fish species. For instance, tributaries have been found to be important for
Yellow Perch, White Bass and Smallmouth Bass natal recruitment (Edwards et al. 1983,
Hayward et al. 2011, Krieger et al. 1983). Backwaters and bays are important for
Smallmouth Bass, White Crappie and Black Crappie natal recruitment (Edwards 1982,
Edwards et al. 1982, Edwards et al. 1983). Bluegill and Crappie are widely known to
prefer submerged vegetation and warmer water temperatures, which are characteristic
traits of Hipple Lake (Dimick and Merryfield 1945, Hardy Jr. 1978, Johnson and Kelsch
1998, Murnyak et al. 1984). Since different sport fish species require different sidechannel and floodplain habitats, connectivity among all side-channel and floodplain
habitats and the main channel must be maintained to maximize main channel fisheries.
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Sport fish are important to humans in many ways, including economical value and
aesthetic value (Holmlund and Hammer 1999). Economically, sport fisheries bring in
approximately $8 million annually on Lake Sharpe alone, and approximately $42 million
annually on the entire Missouri River in South Dakota (South Dakota Game, Fish and
Parks, 2014). In addition, sport fish serve an important ecological role acting as top
predators, regulating the food web from the top-down (Carpenter et al. 1985). Diminished
connectivity between side-channel and floodplain habitats and the main channel through
sedimentation caused by the 2011 flood may warrant dredging to restore connectivity (W.
Saylor, personal communication, Shenk et al. 2013).
Otolith microchemistry was effective at assigning signatures on a habitat-type
scale, but only when both Sr:Ca and Ba:Ca ratios were used in concert. We did not find
significant positive proportional relationships between otolith Sr and water Sr element
ratios or otolith Ba and water Ba element ratios. A reason for a lack in significant positive
proportional relationships between otolith element ratios and water element ratios in Lake
Sharpe is because of the homogeneous nature of the water in most of Lake Sharpe. Also,
age-0 fish were collected from 3-8 sites per species, so although a positive linear
regression is known to exist, it may not be illustrated in our relatively small number of
sample sites. All sample sites were sampled extensively, so age-0 fish were caught from
all locations where they were in sufficient abundance to be susceptible to boat
electroshocking, shoreline seining, or gillnets. Inability to capture age-0s due to low
abundance from sites lends evidence to these sites likely not being sources of major natal
origin contributions. Furthermore, bivariate age-0 otolith signatures permitted accurate
evaluation of sport fish natal recruitment and movement. Combined Sr:Ca and Ba:Ca
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signatures enabled discrimination of sport fish that hatched in embayments, tributaries, a
canal, or a stilling basin from those that originated in mainstem sites. However, the
specific signatures used in this study did not permit comprehensive assessment of
mainstem natal recruitment by site as mainstem sites generally had similar Sr:Ca and
Ba:Ca.
Due to the small size and wide-scale movement patterns of larval sportfish, it is
possible that larval fish used to create our fingerprint of otolith assimilations of the
different habitat types that were captured in canals, stilling basin, La Framboise, or a
tributary were actually hatched in the main channel. If this is the case, habitat-specific
natal assimilations would be representative of both the habitat type in question and the
main channel. This could be why there were large contributions to Smallmouth Bass and
Largemouth Bass recruitment in the canal complex, to Bluegill, Yellow Perch,
Largemouth Bass, and White Bass recruitment in La Framboise, to Yellow Perch
recruitment in the stilling basin, and to Yellow Perch, Largemouth Bass, and White Bass
recruitment in the Bad River tributary. With otolith microchemistry, larval fish are
assumed not to have moved from their natal habitat, but this may not be the case.
However, a potential reason for the high contribution to Largemouth Bass and
Smallmouth Bass recruitment from the canal complex is that although abundances seen
during sampling in the canal complex are not higher than those seen elsewhere on Lake
Sharpe, all the fish in the canal complex may be successfully recruiting to adulthood.
Medium-sized predators such as walleye are seen in low abundances in the canal
complex, and warmer water temperatures, high nutrient inputs from anthropogenic
influences (yard fertilization), decreased current speeds, shallow depths, and increased
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submerged macrophyte abundance compared to the main channel are characteristic of the
canal complex (R. Hanten, South Dakota Game, Fish and Parks, Personal Comm.). All
these factors may result in higher recruitment rates of larval Largemouth Bass and
Smallmouth Bass to adulthood in the canal complex compared to other habitat types on
Lake Sharpe.
Movement patterns of Bluegill and Crappie between Hipple Lake and Lake
Sharpe were indicative of spawning movements. Yellow Perch were found to hatch in the
stilling basin and La Framboise. The stilling basin on Lake Sharpe used to be an
embayment with limited connectivity to the main channel prior to the construction of the
Oahe Dam, so Yellow Perch in the stilling basin may be using remnant embayment-type
habitat for spawning habitat. La Framboise has a large quantity of submerged
macrophytes in the early Fall in some years, which could be why Yellow Perch use it as
larval fish and adults. For Bluegill and Yellow Perch, we can assume that unknown (18%
and 36% respectively) assigned fish natal signatures are main channel signatures, because
we comprehensively sampled all habitat types in Lake Sharpe for these species.
Smallmouth Bass were found to move along the main channel with no tributary use,
similarly to results from a riverine system (Langhurst and Schoenike 1990). Adult White
Bass frequently moved into a tributary site, which has been documented in previous
research (Hayden et al. 2011).
For all species, movement patterns largely mirrored natal recruitment patterns,
providing evidence that habitats are either important for a sport fish species throughout
all life-stages, or not at all. Previous research has found that juvenile and adult
conspecifics utilize different habitat types (Schlosser 1991). Although adult individuals
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of sport fish species have been found to utilize different habitats than juvenile individuals
of the same species, some overlap in habitat preference of juvenile and adult conspecifics
in sport fish species (e.g. Smallmouth Bass, Black Crappie, Yellow Perch, Largemouth
Bass) is common (Edwards 1982, Edwards et al. 1983, Krieger et al. 1983, Stuber et al.
1982a). Since both juvenile and adult conspecifics prefer the same habitats, it is
reasonable that movement patterns would mirror natal recruitment patterns in our current
study. Furthermore, movement patterns coinciding with natal recruitment patterns lends
evidence to annuli signatures representing spawning movements.
Our results demonstrate that different side-channel and floodplain habitats are
important for natal recruitment and adult occupancy of different sport fish species. This
finding has important implications for management of side-channel and floodplain
habitats. Maintenance and restoration of the connectivity between side-channel and
floodplain habitats and the main channel can be prioritized based on natal and adult
contribution of sport fish to different sites. In addition, sites with relatively low natal
contributions or adult contributions to the sport fish populations could be included in
habitat restoration plans in order to make them better environments for species-specific
spawning, feeding, and/or refuge. Furthermore, sites that lost river-floodplain
connectivity during the 2011 flood could be restored through dredging based on their
natal and adult contributions to the sport fish populations.
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Table 4-1. Sample sizes of age-0 and adult Bluegill, Crappie, Yellow Perch, Smallmouth Bass, Largemouth Bass, and White
Bass collected in Lake Sharpe, South Dakota, USA, and ablated for otolith microchemistry analysis.
Site

Bad river
Fort George
Hipple
Joe creek
La Framboise
Marion's garden
North shore
Stilling basin
West bend
Total

Type

Tributary
Main channel
Embayment
Main channel
Embayment
Canal
Main channel
Stilling basin
Main channel

Bluegill
Age-0 Adult
1
---5
18
5
-3
5
1
8
--1
5
3
-19

36

Crappie
Age-0 Adult
--5
-4
6
5
10
1
1
-6
5
1
--4
2
24

26

Ablated
Yellow perch Smallmouth bass Largemouth bass
Age-0 Adult Age-0
Adult
Age-0
Adult
5
2
--2
2
5
-4
---6
20
6
18
6
19
5
-6
6
2
-5
2
1
4
6
5
5
0
4
2
5
6
5
7
5
3
--3
3
1
1
-2
3
5
5
4
2
-42

39

32

38

23

34

White bass
Age-0 Adult
4
1
5
3
5
19
10
3
4
2
-4
5
5
-1
-2
33

40
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Table 4-2. R2 and P value for species-specific linear regressions of water and otolith
signatures for Sr:Ca and Ba:Ca.
Element
Sr:Ca

Ba:Ca

Species

R2

P

Bluegill

-.70

<.01

Crappie
Yellow perch

-.39
-.39

.08
.03

Smallmouth bass
Largemouth bass
White bass
Bluegill

.35
.39
-.18
.03

.85
<.01
.26
.66

Crappie

.66

<.01

Yellow perch

.07

.19

Smallmouth bass
Largemouth bass
White bass

<.01
.48
.04

.19
.03
.49
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Table 4-3. Spatial patterns among habitat types in species-specific mean age-0 terminal
otolith signatures as inferred from analysis of variance F and P values.
Element
Sr:Ca

Ba:Ca

Species

F

P

Bluegill

F2,13=5.066

0.024

Crappie

F1,21=8.123

Yellow perch

F5,36=1.059

0.01
0.399

Smallmouth bass

F2,27=.265

0.769

Largemouth bass
White bass

F4,17=.8.881
F3,29=1.158

<.01
0.342

Bluegill

F2,13=1.351

0.293

Crappie

F1,21=47.58

<.01

Yellow perch

F5,36=.2.764

0.033

Smallmouth bass

F2,27=1.456

0.251

Largemouth bass

F4,17=1.725

0.191

White bass

F3,29=2.062

0.127
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Table 4-4. Results of k-sample nearest neighbor discriminant analysis with leave-one-out jackknife cross-validation using
Ba:Ca and Sr:Ca ratios of age-0 sport fish. Data include the number of fish known to have come from individual sites, habitat
types, and Hipple Lake vs. Lake Sharpe (K=Known), the number assigned to those locations (A=Assigned), and the percentage
of individuals correctly classified to known locations (Acc=Accuracy). Signatures were measured at otolith locations
synchronized with water sample collection to ensure reliable identification of natal origins.
Bluegill
Natal Origins

Crappie

Yellow perch

Smallmouth bass Largemouth bass

White bass

K

A

Acc

K

A

Acc

K

A

Acc

K

A

Acc

K

A

Acc

K

A

Acc

Canal

1

0

0

0

0

--

5

0

0

4

2

0

5

8

60

0

0

--

Hipple lake

5

7

40

4

3

25

6

10

50

6

6

50

6

5

67

5

5

0

La Framboise

3

3

33

1

0

0

5

6

60

1

0

0

6

6

17

4

1

0

Main channel

8

9

88

19 21

95

18 23

67

20 24

80

4

2

25

20 27

80

Stilling basin

1

0

0

0

0

--

3

2

0

1

0

0

0

0

--

0

0

--

Tributary

1

0

0

0

0

--

5

1

0

0

0

--

2

2

0

4

0

0

Site type

Mean:
84

Mean:
92

Mean:
76

Mean:
83

Mean:
87

Mean:
79

Lake Sharpe vs. Hipple lake
Lake Sharpe

14

13

64

Hipple lake

5

6

20
Mean:
95

20 21
4

3

90
25
Mean:
96

36 35
6

7

86
33
Mean:
98

26 27
6

5

85
17
Mean:
97

17 18
6

5

94
67
Mean:
96

28 28
5

5

82
0
Mean:
100
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Table 4-5. Percent (# individuals) natal contribution of embayments, mainstem locations,
a tributary, and a canal to the adult Bluegill, Crappie, Yellow Perch, Smallmouth Bass,
Largemouth Bass, and White Bass populations in Lake Sharpe, South Dakota, USA.

Yellow perch

Smallmouth
bass

Largemouth
bass

White bass

Habitat
Canal
Hipple lake
La Framboise
Main channel
Stilling basin
Tributary
Unknown

Bluegill

Crappie

-47 (17)
3 (1)
50 (18)
----

-35 (9)
-50 (13)
--15 (4)

--8 (3)
69 (27)
18 (7)
5 (2)
--

5 (2)
5 (2)
-72 (24)
--26 (10)

3 (1)
15 (5)
9 (3)
33 (11)
-6 (2)
33 (11)

--23 (9)
31 (13)
-18 (7)
28 (11)

Total

100 (36)

100 (26)

100 (39)

100 (38)

100 (33)

100 (40)
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Table 4-6. Natal contribution standardized by surface area (#/100 adult fish/ ha) of
embayments, mainstem locations, a tributary, and a canal to the adult Bluegill, Crappie,
Yellow Perch, Smallmouth Bass, Largemouth Bass, and White Bass populations in Lake
Sharpe, South Dakota, USA.

Habitat
Canal
Hipple lake
La Framboise
Main channel
Stilling basin
Tributary
Unknown

Bluegill

Crappie

Yellow perch

Smallmouth
bass

Largemouth
bass

White bass

0
0.264
0.024
0.002
0
---

0
0.197
0
0.002
0
---

0
0
0.063
0.003
0.439
---

0.625
0.028
0
0.003
0
---

0.375
0.084
0.071
0.001
0
---

0
0
0.181
0.001
0
---
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Table 4-7. Percent (# individuals) natal contribution of side-channel and floodplain habitats (as opposed to main channel
habitats) for each sport fish population from 2002 to 2014 in Lake Sharpe, SD, USA. A “--“ denotes that no data for a species
in a given year was collected, whereas a “0” denotes that side-channel and floodplain habitats did not contribute to the natal
recruitment of a species in a given year.

Species
Bluegill
Crappie
Yellow perch
Smallmouth bass
Largemouth bass
White bass

2002
-----67 (2)

2003
-----50 (1)

2004
-100 (1)
50 (1)
-100 (1)
75 (3)

2005
--50 (2)
0 (0)
-50 (4)

2006
-33 (1)
100 (1)
0 (0)
0 (0)
50 (1)

2007
-0 (0)
33 (1)
----

Year
2008
-67 (2)
23 (3)
0 (0)
-25 (1)

2009
100 (1)
44 (4)
25 (3)
0 (0)
100 (1)
0 (0)

2010
50 (1)
0 (0)
25 (1)
20 (1)
-17 (1)

2011
-33 (1)
-33 (1)
-67 (4)

2012
100 (2)
0 (0)
-20 (2)
33 (1)
--

2013
44 (4)
0 (0)
-0 (0)
36 (5)
--

2014
45 (10)
--0 (0)
25 (3)
100 (1)
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Table 4-8. Number and percent of annulus ablations with signatures from each habitat
type for Hipple Lake and Lake Sharpe captured adult Bluegill, Crappie, Yellow Perch,
Smallmouth Bass, Largemouth Bass, and White Bass.
Habitat
Lake Sharpe
Canal
Hipple lake
La Framboise
Main channel
Stilling basin
Tributary
Unknown
Total
Hipple Lake

Bluegill
-43 (26)
8 (5)
49 (30)
---100 (61)

Crappie Yellow perch Smallmouth bass Largemouth bass White bass
-3 (2)
-6 (2)
-34 (41)
--3 (1)
--7 (4)
-27 (9)
7 (13)
42 (50)
87 (53)
92 (113)
24 (8)
14 (25)
-3 (2)
-------56 (101)
24 (28)
-8 (10)
39 (13)
22 (40)
100 (119) 100 (61)
100 (123)
99 (33)
100 (179)

Canal
--Hipple lake 48 (13) 27 (9)
La Framboise 11 (3)
-Main channel 41 (11) 64 (21)
Stilling basin
--Tributary
--Unknown
-9 (3)
Total
100 (27) 100 (33)

7 (3)
-22 (9)
63 (26)
7 (3)
--100 (41)

4 (3)
1 (1)
-81 (59)
--14 (10)
100 (73)

27 (12)
7 (3)
16 (7)
36 (16)
--16 (7)
100 (45)

--13 (13)
26 (27)
-47 (49)
14 (15)
100 (104)
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Table 4-9. Percent (# annuli ablations) contribution of side-channel and floodplain
habitats to natal recruitment of sport fish populations before, during, and after the 2011
flood in Lake Sharpe, SD, USA.
Species
Bluegill
Crappie
Yellow perch
Smallmouth bass
Largemouth bass
White bass

PreFlood
0
38 (16)
38 (3)
2 (1)
27 (3)
61 (73)

During Flood

Post-Flood

67 (2)
29 (6)
43 (3)
0
50 (2)
77 (24)

51 (29)
31 (28)
34 (30)
3 (3)
46 (29)
60 (79)

139

Figure 4-1. Sampling sites for water chemistry (all), age-0, and adult sport fish in Lake
Sharpe, SD between Summer 2014 and Summer 2015. Site abbreviations (upstream to
downstream) are as follows: STB = Stilling Basin, MAR = Marion’s Garden, BAD = Bad
River, LAF = La Framboise Embayment, HIP = Hipple Lake Embayment, FTG = Fort
George (mainstem), JOE = Joe Creek (mainstem), WBD = West Bend (mainstem), NOS
= North Shore (mainstem).
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Figure 4-2. Mean water (A) Sr:Ca (mmol/mol) and (B) Ba:Ca (mmol/mol) concentrations
for Lake Sharpe sites sampled in summer 2012 (black bars) and 2014 (grey bars). Site
abbreviations (upstream to downstream) are as follows: STB = Stilling Basin, BAD =
Bad River, HPD = Hipple Lake Embayment (Docks), JOE = Joe Creek (mainstem), GRY
= De Grey (mainstem), WBD = West Bend (mainstem), NOS = North Shore (mainstem).
Error bars represent 1 SEM.
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Figure 4-3. Mean water (a) Sr:Ca and (b) Ba:Ca for the main channel of Lake Sharpe in
Pierre, SD from October 1983 to August 2000 for strontium and for October 1978 to
December 1998 for barium.
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Figure 4-4. Mean water (a) Sr:Ca and (b) Ba:Ca values at the habitat types where water
samples were collected in Fall 2014. Means with the same letter are not significantly
different (ANOVA with Tukey’s HSD test on log10 transformed values; P ≤ 0.01). Error
bars represent 1 SEM.
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Figure 4-5. Linear regression of age-0 (a) Crappie, (b) Bluegill, (c) Yellow Perch, (d)
Smallmouth Bass, (e) Largemouth Bass, and (f) White Bass mean terminal otolith Sr:Ca
signatures on water Sr:Ca for site types in Lake Sharpe, South Dakota, USA. The
relationships are not significant. Water sampling occurred in Fall 2012 and Fall 2014.
Fish sampling occurred in Fall 2012, Summer 2014 and Summer 2015. Error bars
represent 1 SEM.
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Figure 4-6. Linear regression of age-0 (a) Crappie, (b) Bluegill, (c) Yellow Perch, (d)
Smallmouth Bass, (e) Largemouth Bass, and (f) White Bass mean terminal otolith Ba:Ca
signatures on water Ba:Ca for site types in Lake Sharpe, South Dakota, USA. The
relationships are not significant. Water sampling occurred in Fall 2012 and Fall 2014.
Fish sampling occurred in Fall 2012, Summer 2014 and Summer 2015. Error bars
represent 1 SEM.
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Figure 4-7. Mean terminal otolith Sr:Ca ratios of (a) Crappie, (b) Bluegill, (c) Yellow
Perch, (d) Smallmouth Bass, (e) Largemouth Bass, and (f) White Bass at the habitat types
where both water and age-0 sport fish were collected. Signatures represent mean terminal
or adjusted mean terminal concentrations that are temporally matched with water
sampling. Means with the same letter are not significantly different (ANOVA with
Tukey’s HSD test on log10 transformed values; P ≤ 0.05). Error bars represent 1 SEM.
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Figure 4-8. Mean terminal otolith Ba:Ca ratios of (a) Crappie, (b) Bluegill, (c) Yellow
Perch, (d) Smallmouth Bass, (e) Largemouth Bass, and (f) White Bass at the habitat types
where both water and age-0 sport fish were collected. Signatures represent mean terminal
or adjusted mean terminal concentrations that are temporally matched with water
sampling. Means with the same letter are not significantly different (ANOVA with
Tukey’s HSD test on log10 transformed values; P ≤ 0.05). Error bars represent 1 SEM.
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CHAPTER 5: SUMMARY, MANAGEMENT RECOMMENDATIONS, AND
RESEARCH NEEDS
Summary
Connectivity was significantly reduced between Hipple Lake and Lake Sharpe as
a result of the 2011 Missouri River flood due to siltation. To inform management actions
regarding restoring connectivity between the two lakes, we evaluated natal origins and
movement of Lake Sharpe and Hipple Lake prey and sport fish. Using otolith
microchemistry, quantification of Hipple Lake’s natal and adult contribution to Lake
Sharpe’s fishery (and Lake Sharpe’s contribution to Hipple Lake) was possible.
Otolith microchemistry was effective at determining sites important for natal
recruitment and movement of fish in Lake Sharpe and Hipple Lake at a habitat type scale.
Water Sr:Ca and Ba:Ca was spatially variable and temporally stable in canal (i.e.,
Marion’s Garden Complex), a cold-water embayment (i.e., La Framboise), a warm-water
embayment (i.e., Hipple Lake), main channel, stilling basin, and tributary (i.e., Bad
River) sites. Water-otolith Sr:Ca and Ba:Ca relationships for each species were
proportional and positive or negative depending on species.
In regards to natal contribution, canal sites were important for Gizzard Shad
recruitment only, and accounted for less than five percent of Smallmouth Bass and
Largemouth Bass natal recruitment. La Framboise was important for White Bass and
Walleye natal recruitment (>20%), and important for Sauger natal recruitment to a lesser
extent (10-20%). The main channel was important to the natal contribution of all species
but Sauger (Bluegill, Crappie, Yellow Perch, Smallmouth Bass, Largemouth Bass, White
Bass, Walleye, and Gizzard Shad). The stilling basin was important for Gizzard Shad and
Yellow Perch natal recruitment. The tributary was important to White Bass natal
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recruitment to a small extent. Hipple Lake was important to Bluegill and Crappie natal
recruitment, and Largemouth Bass and Gizzard Shad natal recruitment to a lesser extent.
Between 15-39% of each species’ natal origin signatures could not be assigned to a
habitat type.
In regards to movement, canals were important to Gizzard Shad, and Largemouth
Bass to a lesser extent. Hipple Lake was important to Bluegill and Crappie. La Framboise
was important to Largemouth Bass, Sauger, and Walleye, and Yellow Perch to a lesser
extent. The main channel was important to all species but White Bass, and to White Bass
to a lesser extent. The stilling basin was important only to Gizzard Shad, and only to a
lesser extent. The tributary was important to White Bass. Between 0-43% of each
species’ movement could not be assigned to a habitat type. Movement of adult Gizzard
Shad was validated with daily telemetry of the species in Lake Sharpe and Hipple Lake
(H. Meyer, South Dakota Game, Fish and Parks, unpublished data). Otolith
microchemistry was effective at evaluating Hipple Lake’s contribution to Lake Sharpe’s
fishery, and will guide state management actions regarding restoring connectivity
between the two lakes.

Management Recommendations
Overview
Management recommendations stemming from this study span over a variety of
species, and a variety of habitats. Floodplain-scale management is necessary, in that this
is the scale at which natal recruitment and adult movement of many species in Lake
Sharpe occurs. This study examined where adult fish captured in Lake Sharpe were
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hatched. In addition to anecdotal evidence of natal production (i.e. high abundances
during sampling), the data obtained can serve as an observation of natal recruitment.
Natal contributions of locations reflect the successful recruitment of juvenile fish to
adulthood. For instance, we observed the highest abundances (natal production) of
juvenile Gizzard Shad in Hipple Lake, yet adult Gizzard Shad hatched in Hipple Lake
(natal recruitment to adulthood) was relatively low. We recommend that side-channel and
floodplain habitats of the Missouri River be preserved and/or restored, to keep main
channel fisheries at full potential. Lake Sharpe’s six habitat types must not be altered,
without expecting to alter the characteristics of the side-channel and floodplain habitats
that make them beneficial to fish. For instance, Hipple Lake’s warm water temperatures
must be retained, as must its backwater connectivity to Lake Sharpe to support natal
production and recruitment of Gizzard Shad and a number of sport fish. After general
floodplain habitat recommendations, species-specific management recommendations are
listed.

Natal Recruitment and Movement
Management application: Prioritize and protect side-channel and floodplain habitats.
Recommendations: Natal recruitment largely mirrored movement for all species, so both
aspects can be managed similarly. The findings of this study illustrate that all different
side-channel and floodplain habitats in Lake Sharpe are important for natal recruitment
and/or adult movement of different species, but that side-channel and floodplain habitats
are not equally important among different species. Overall, canal sites seemed to be the
least important (but also constitute the smallest surface) to Lake Sharpe or Hipple Lake’s
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fisheries, being a low-use area for Smallmouth Bass and Largemouth Bass natal
recruitment and adult movement and a high-use area of Gizzard Shad natal recruitment
and movement. Hipple Lake seemed to be the most important floodplain feature, being a
high-use area for Bluegill, Crappie, and Largemouth Bass natal recruitment and
movement, as well as a low-use area for Sauger, Smallmouth Bass, Walleye, and Gizzard
Shad natal recruitment and movement. Managers need to prioritize side-channel and
floodplain habitats both by the particular species they’re managing and for the benefit of
the Lake Sharpe and Hipple Lake sport fisheries as a whole. This study was limited to a
habitat-type scale for examination of natal recruitment, and an annual scale for
examination of movement. Telemetry studies on the sport fish species examined would
provide insight into which habitat types are important on a daily and/or seasonal scale to
these fish species.

Management application: Enhance undesirable habitat types to make them useful for
natal and adult utilization.
Recommendations: This study found what habitat types were important and unimportant
for each species, therefore setting the ground work for habitat modification. To bolster
natal recruitment of Bluegill and Crappie in La Framboise, for example, managers could
alter the embayment’s habitat to match Hipple Lake’s habitat. Although environmental
constraints like water temperatures and lake depth might largely hinder habitat
modification in habitat types, littoral zones or small bays could be altered within habitat
types to promote recruitment of sport fish species. All of Lake Sharpe’s floodplain habitat
types (e.g., canal, cold-water embayment, warm-water embayment, stilling basin, and
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tributary) are unique, with only one location representing each macro-habitat. Thus, it is
not feasible to recommend habitat alteration on a macro-habitat scale. All habitat
recommendations must be made on a smaller scale, exploiting micro-habitats (i.e., littoral
zones) found throughout at least a few of the side-channel and floodplain habitats.

Species: Walleye
Recommendations:
Lake Sharpe’s most economically important sport fish, the Walleye, relied heavily
on the main channel and La Framboise for natal recruitment and adult movement. Due to
the economic importance of Walleye in Lake Sharpe, La Framboise should be prioritized
for restoration efforts if a catastrophic event like the 2011 flood were to occur again.
Hipple Lake was also important to Walleye recruitment and adult movement, and so
connectivity with Hipple Lake will help maximize the Walleye fishery in Lake Sharpe.
Similarly to Bluegill, Crappie, and Sauger, the Hipple Lake-Lake Sharpe (main channel)La Framboise complex accounts for nearly all (98-100%) of natal recruitment and adult
movement of Walleye, and thus connectivity and current habitat characteristics of these
three lakes needs to maintained and prioritized.

Species: Gizzard Shad
Recommendations:
Gizzard Shad relied on a variety of different sites for natal recruitment, including
canals, Hipple Lake, the stilling basin, and the main channel. Due to the varied sidechannel and floodplain habitats contributing to the natal recruitment of Gizzard Shad,
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connectivity with most of Lake Sharpe’s side-channel and floodplain habitats is required.
Since Gizzard Shad serve as an important prey fish for Lake Sharpe’s Walleye fishery,
the management of this species must be prioritized second only to Walleye management.
Between natal origins and adult movement of Gizzard Shad and Walleye, connectivity
with all side-channel and floodplain habitats must be maintained to maximize the
Walleye fishery. Prioritization of side-channel and floodplain habitats to maintain this
predator-prey dynamic should go as follows in regard to natal recruitment and movement;
La Framboise, canals, Hipple Lake, the Stilling Basin, and the Bad River.

Species: Bluegill
Recommendations:
Since Hipple Lake was important for natal recruitment and adult movement of
Bluegill captured in both Hipple Lake and Lake Sharpe, connectivity between the two
lakes must be maintained to support Bluegill fisheries. La Framboise was important to
Bluegill natal recruitment and adult movement to a lesser extent, providing evidence of
the connectivity between La Framboise and Lake Sharpe. Habitat modification to make
La Framboise more like Hipple Lake (such as increased submerged macrophytes,
decreased current, productive littoral zones and decreased depth) would likely make the
Lake Sharpe and La Framboise Bluegill fisheries stronger. Such habitat modification in
La Framboise is constrained by the importance of the embayment to Walleye recruitment
due to unfavorable habitat characteristics for Bluegill (varied depth gradient, rip-rap
shelves). Current demands for Bluegill fishing are adequately satisfied with La Framboise
and Hipple Lake, and attempts to bolster the fishery in locations with no previous
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natal/adult contribution to the Bluegill fishery likely result in compromising other
fisheries. Bluegill also serve as Largemouth Bass prey, so Hipple Lake and La
Framboise’s Largemouth Bass fisheries will be at full potential with maintained
connectivity between the embayments and the main channel.

Species: Crappie
Recommendations:
Similar to Bluegill, connectivity between Hipple Lake and Lake Sharpe must be
maintained to support the large amount of natal recruitment and adult movement of
Crappie accounted for between the two lakes. Habitat common to Hipple Lake (e.g.,
submerged macrophytes, rip-rap, productive littoral zones) should be maintained to
support Crappie, and increasing abundance of such habitat features along the shoreline of
the main channel or in La Framboise could increase Crappie natal recruitment in these
sites. The main channel is already important for most Crappie (and Bluegill) natal
recruitment, so alterations aren’t necessary if the management goal is to simply maintain
these sport fisheries. Like Bluegill, habitat modification in La Framboise is constrained
by La Framboise’s importance to Walleye natal recruitment, with ideal Crappie habitat
not coinciding with ideal Walleye habitat. Lake Sharpe’s Crappie fishery has declined as
a result of the 2011 flood, due likely in part to the scouring of the river bottom and
consequent decrease in submerged macrophytes, but this fishery probably only needs
time to rebound.

Species: Yellow Perch
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Recommendations:
Yellow Perch primarily relied on the main channel for natal recruitment and adult
movement. Due to the relative stability of the main channel in most years, the Lake
Sharpe Yellow Perch fishery is unlikely to be vulnerable to disconnectivity with sidechannel and floodplain habitats, except for the stilling basin. The stilling basin was
important for natal Yellow Perch recruitment, so habitat in the stilling basin (e.g., rip-rap,
varied depth gradient, warmer water temperatures) could be replicated to achieve
maximum Yellow Perch natal recruitment elsewhere. Hipple Lake captured Yellow Perch
moved into La Framboise, so La Framboise seems to play an important role for adult
Yellow Perch in Hipple Lake. Connectivity between La Framboise and Lake Sharpe, and
Hipple Lake and Lake Sharpe, should be maintained to the Yellow Perch fishery.

Species: Smallmouth Bass
Recommendations:
Smallmouth Bass primarily relied on the main channel for natal recruitment and
adult exploitation. The main channel is the only habitat found to be important for
Smallmouth Bass natal recruitment and movement, and since the conditions of the main
channel are unlikely to change greatly any time soon, Lake Sharpe’s Smallmouth Bass
fishery is secure. The largest Smallmouth Bass are captured in the southern end of Lake
Sharpe, where only minor floodplain features exist, so it does not seem like loss of
connectivity with side-channel and floodplain habitats would affect the Smallmouth Bass
fishery directly. Due to the importance of side-channel and floodplain habitats to Gizzard
Shad recruitment, and subsequent importance of Gizzard Shad to Smallmouth Bass
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predation, connectivity of side-channel and floodplain habitats with the main channel
should be maintained to ensure the Lake Sharpe Smallmouth Bass fishery is not
indirectly affected by negative impacts to the Gizzard Shad population.

Species: Largemouth Bass
Recommendations:
The main channel was most important for natal Largemouth Bass recruitment,
with embayments playing a lesser role. Since adult Largemouth Bass are rarely captured
in the main channel, Lake Sharpe’s Largemouth Bass fishery is poor, with low abundance
of adult fish. Due to the nature of the main channel (deep, cold water, with fast currents
and little submerged macrophytes/trees) it is unlikely to improve the Lake Sharpe
Largemouth Bass fishery through micro-habitat manipulation. A large amount of natal
recruitment and movement of Largemouth Bass into La Framboise, Hipple Lake and
canals lends support to connectivity with side-channel and floodplain habitats being
important for age-0 and adult Largemouth Bass. To support Hipple Lake and La
Framboise’s Largemouth Bass fisheries, connectivity with the main channel should be
maintained.

Species: White Bass
Recommendations:
The tributary (Bad River) was most important for White Bass natal recruitment
and adult movement, and the main channel and La Framboise were also important.
Connectivity with Lake Sharpe and the Bad River and Lake Sharpe and La Framboise
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should be maintained to sustain the White Bass fishery at current capacity. In the springtime, White Bass adults are universally abundant in the northern (floodplain feature-rich)
reach of Lake Sharpe, lending anecdotal evidence to side-channel and floodplain habitats
being important for the Lake Sharpe White Bass fishery.

Species: Sauger
Recommendations:
The main channel was important for Sauger natal recruitment and adult
movement the most, with La Framboise and Hipple Lake important to progressively
lesser degrees, respectively. Similarly to Walleye, connectivity between Hipple Lake,
Lake Sharpe, and La Framboise must be maintained to support the Sauger fisheries in
each of these lakes. Other side-channel and floodplain habitats in Lake Sharpe are
indirectly important to Lake Sharpe’s Sauger fishery, because of their importance to
Gizzard Shad. Since the main channel of the Missouri River used to be (before damming)
ideal for native Sauger, due to its shallower depth and greater turbidity, Sauger will
remained confined to the few locations on Lake Sharpe still featuring such characteristics
(i.e. Hipple Lake). Macro-habitat manipulation is not possible to improve Lake Sharpe’s
Sauger fishery, due to the lucrative nature of Lake Sharpe’s Walleye fishery, and the
numerous advantages of having a dammed deep cold-water reservoir to both fishing and
non-fishing (e.g., agricultural, urban) interests.
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Research Needs
Our understanding of the environmental histories of sport fish and prey fish in
Lake Sharpe has been substantially deepened through this study. Further research is
needed in order to manage fish populations in the reservoir as efficiently as possible.
Telemetry studies of the sport fish in Lake Sharpe would validate the findings of this
study, and decipher movement patterns with higher resolution (daily vs. yearly) than
microchemistry. Oxygen and carbon isotopes would enable site-specific analysis of fish
natal recruitment and contribution within the main channel. Alternate otolith
microchemistry techniques (i.e. transect-ablation) may lead to further understanding of
age-0 otolith assimilation of water trace elements, and finer scale (e.g., monthly,
seasonal) movement of adult fish. A further understanding of previously unstudied
linkages (e.g., diet overlap, competition) between most of Lake Sharpe’s sport fish
species would help interpret importance of habitat types to predators due to indirect
effects of their competition and prey.

